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AN ANALYSIS OF A CHARRING ABLATION

THERMAL PROTECTION SYSTEM

By Donald M. Curry
Manned Spacecraft Center

SUMMARY

[analytical model is presented for predic~ng the transient one-

dimensional thermal performance~f a chr bl heat- tetion system
when exposed to a hyperthermal environment. The heat-protection system is
considered to consist of an ablation material and backup structure. The
ablating material is further considered to consist of three distinct regions
or zones: char, reacting, and virgin material.

A FORTRAN IV digital computer program (STAB II) utilizing an implicit
finite difference formulation has been written for the IBM 7094/40 computer
system. The program considers one ablating material and a maximum of 12 back-
up materials with conduction or radiation and/or convection allowed between
materials. Thermal properties of all materials are temperature dependent,
with the properties of the charring material also being state dependent.

The governing differential equations and their implicit finite difference
formulation are presented. The program input and output are described in detail.
The FORTRAN program statements and nomenclature are presented. Also, the
theoretical and experimental results are compared]

INTRODUCTION

)he analysis and design of thermal protection systems for entry into an
atmospheric environment have resuted in a voluminous amount of literature on
the general s ject of ablation \(See refs. 1 and 2 for a survey of information
on ablation .)Theiabation materials may generally be classified into three
categories: siblimfng, melting and vaporizing, and charring. The charring
ablator normally provides the most efficient thermal-protection shield for the
major portion of a manned entry vehicle. This report describes a method for
predicting the thermal response of a typical charring-ablation material. The
response of a charring material to a hyperthermal environment is extremely
complex, and the mathematical model presented to analyze the transient behavior
of the material contains simplifying assumptions and approximations necessary
to afford even a numerical solution.,



The equations derived in this analysis have been programmed in FORTRAN
IV for an IBM 7094/40 computer system. The numerical formulation of this
digital program, designated STAB II, is such that an implicit solution is
obtained. The thermal response of a typical charring material as predicted by
STAB II is compared with arc tunnel results.

A sample problem is presented in appendix A. Program usage instructions,
including definitions of the input terminology, are presented in appendix B.
Appendixes C and D are the program FORTRAN IV statements and definitions of
the program terminology. A general flow chart of the program is presented in
appendix E.

SYBOLS

A collision frequency

c specific heat
p

E activation energy

F exterior view factor

F view factor-emissivity product to cabin environment
env

Hd heat of virgin material degradation

HT total enthalpy

H wall enthalpyw

H 300 enthalpy of air at 300° K

h film coefficient between backup materials

h film coefficient between last backup material and cabin
environment

k thermal conductivity

inmass loss rate of char material
c

m gas ablation rate
g

NP number of nodes in ablation material
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n order of reaction

Qin. net heat rate into front surface

4c blow hot wall convective heat flux with blowing

4comb heat flux due to combustion

4cw cold wall convective heat flux without blowing

rad radiation heat flux

R universal gas constant

S surface recession depth

surface recession rate

T temperature of node at beginning of time step

T cabin environment temperatureenv

T' temperature of node at end of time step

T radiation heat sink temperature

VL thickness of ablation material

X distance from surface to any point

A•H Cheat of combustion per unit weight of charc

AX thickness of a node

A9 time step (e' - e)

E: emissivity of material

transpiration cooling efficiency

e initial time

final time

transform for the ablation material



p density

a Stefan-Boltzmann constant

blocking effectiveness function

Subscripts:

c charred state

i node number

j material number

v virgin state

PROGRAM DESCRIPTION

The following general requirements were established before writing a
digital computer program to analyze a charring ablation system:

(1) Stability of the equations for all applications.

(2) Machine running time short enough to make use of the program
economically feasible (a minimum of turn around time per problem).

(3) A minimum of input per problem.

(4) A wide variety of boundary conditions for application to both
trajectory data and ground or flight test data analysis.

STAB II has been formulated in FORTRAN IV to analyze the transient
thermal performance of a charring ablator heat protection system. The program
considers one ablating material and up to 12 different backup materials with
or without air gaps. Pure conduction or radiation and/or convection between
backup materials is allowed. The ablation material may be divided into a
maximum of 50 nodes, and each backup material may be subdivided into a maximum
of 10 nodes. The thermal properties of the materials are in tabular form and
are temperature dependent. The ablation material is also dependent upon its
state, that is, fully charred, partially charred, et cetera.

The following surface boundary condition options are provided:

(1) Cold-wall convective and radiative heat flux tables as a function of
time. These components are specified separately, since mass transfer at the
surface blocks part of the convective heating but, in general, has no effect on
the radiant heating.
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(2) Surface temperature as a function of time.

(3) Surface recession as afunction of temperature or time. Surface
recession as a function of temperature and pressure is also available.

Heat loss to the interior environment for the last node of the backup
structure can be specified by two methods:

(1) Conduction into the node and radiation and/or convection loss to the
interior environment.

(2) Conduction into the node and adiabatic wall.

The STAB II numerical formulation of the equations describing the response
of the heat shield is such that an implicit solution has been obtained. It is
well known that numerical solutions of partial differential equations are
subject to several different types of errors. The first of these is the trun-
cation error, due to the use of a finite subdivision. This error may be reduced
by simply choosing a smaller subdivision, 6X. The exact values are approached
more and more closely as AX decreases. The second kind of error is the nu-
merical, or roundoff error. The way in which this numerical error grows or
decays with time determines the stability of the difference equations.

To illustrate the differences in the explicit and implicit equation form,
consider a nonablating homogeneous solid. The one-dimensional Fourier con1duc-
tion equation, neglecting any heat generation terms, is

The finite difference form of equation (1) written in the conventional forward

time step or explicit form for the ith node is

(T. - Ti (T - T i+) AX (T,' - T.)

16X + AX Ax'X -cpcA2k. + 2k( 2k+ 2k( =pp A

2ki-_ 2ki 2ki 2ki+l

where the prime superscript denotes values at the end of the time step

AG = 9' - e
For explicit conduction solutions, the following stability criterion has

been established:

Pc (AX) 2 > 2

kAG -



which places an upper limit on the time step AO for a fixed truncation error.
This criterion can require a prohibitive amount of machine time.

Liebmann (ref. 3) advocated a solution of the equation which does not
require this stability criterion. The finite difference equations are written
in a backward time step form which affords an implicit solution.

The implicit (backward time step) difference form of equation (1) for the

ith node is:

(T 1  -Tt (T - T 1  AX (T!ic ( 5) C

•_ _ _+ A ___ A ___ + AX_ p AG 3
2ki_ 2k i 2ki 2i+

Equation (3) uses the temperature differences at the end of the finite time
interval instead of the beginning, as in the explicit method of equation (2).
The only known temperature in equation (3) is T., but there are corresponding

equations for each point in the system, and all are solved simultaneously to
yield the temperature at each node.

Collecting all unknown temperatures on the left side of the equation and
the known temperature on the right side, equation (3) becomes

(2 1 T !(2 _ I +

+~ AX'\ 1AX 
A

I ki+l

pl~i T A'+ A i+ (Ai +' 2 D( )Ti+l =" - \ AX) Ti (4)

Equation (4) is of the form
ATi' +B'+c +1 B D (C)

i-l i i+l

STAB II generates such an equation for each node in the system.

Since radiation is an important mode of heat transfer in charring ablative
systems, a problem is encountered in any equation containing a radiation term.
The radiation heat flux, written in a backward difference form is:

= Fea (T• 4 
- T4) (6)
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This term cannot be used in an implicit solution since the unknown temperature
T! is to be the 4th power. The 4th power unknown can be eliminated by the
i

following linearizations:

where

A= T' T.i 1

let

Z--AT
T.1

and rewrite equation (7) as

(T!)4 =(Ti)4(l + Z)4 (8)

If Z has an absolute value near zero, the following is true

(l + z) ~= 1 + 4z (9)

Now substituting equation (9) into equation (8)

T) 4 ) (Ti4(l + 4Z)(

T 3T - 3T 4  (10)-- i I i

Equation (10) is a linearized approximation of equation (7) in which the unknown
temperature is only to the first power. The assumption in equation (10) is that
AT/Ti has an absolute value near zero. Figure 1 is a plot of the error obtainedz)4.
when (1 + 4Z) is substituted for (1 + Z) For most ablation problems in which
the surface temperature is high and the radiation losses are significant, the
value of AT/Ti can easily be controlled to values of less than ±0.1.

Therefore, equation (6) can now be written

rad i T-T - T (11)
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Using the linearized approximation for the radiation terms, the resulting system
of implicit difference equations constitute a tridiagonal matrix of the follow-
ing form:

BIT1 + C1T2 D 1

A2T1 + B2T2 + C2T3 =D2

A3T2 + B3T3 + C3T4 D 3

ANTN1 + BTN = DN

Gauss' elimination method, discussed in reference 4, is applied to solve
the system of equations. This method affords a fast and accurate solution for
matrices containing a dominant diagonal. The solution of this matrix gives the
temperature of each node in the system for the next future time step. The
entire process is repeated for each time step throughout the run, giving a time
history of the temperature at each node.

Using this method of solution, residual errors in the temperature compu-
tations at the beginning of the time step are distributed throughout the entire
system of nodal equations and tend to cancel out rapidly. The principal advan-
tage in using the implicit method is a set of equations that are mathematically
stable in time and distance. Therefore, the magnitude of the time step is not
limited by a convergence criterion. However, care must be taken in selecting
the magnitude of the time step in order to minimize truncation errors when the
second derivative of temperature with respect to time is large. A similar
approach is used to minimize truncation errors in distance by choosing small
node dimensions in locations where large second derivatives of temperature with
respect to distance are expected.

In the case of a char-forming ablative heat shield where approximately
80 percent of the heat is reradiated, instability can arise in taking large
time steps. The temperature of the surface node can start oscillating on suc-
cessive time steps when a balance between the radiation source and the heat sink
has been achieved. Therefore, in ablation problems in which the surface node
loses a large percentage of heat by radiation, oscillations of the node can be
damped out by taking small time steps during-conditions of high heat flux and
near radiation equilibrium temperatures.

ANALYSIS

Figure 2 is a schematic of the thermal protection system to be analyzed.
A receding surface has been assumed with the formation of a residual char layer
and reaction zone. The thermal protection system is composed of one charring
material and a maximum of 12 different backup materials with or without air gaps.
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The analysis is such that the entire system may be composed of noncharring
materials. The thermal properties of all materials are temperature dependent;
also, the charring material properties are state dependent (fully or partially
charred).

The response of charring ablation heat shields to a hyperthermal environ-
ment is extremely complex, and simplifying assumptions and approximations are
necessary to afford a numerical solution. The following assumptions and approx-
imations are utilized in the equations developed in this report:

(1) The material decomposes from the virgin state to a porous char layer
in the reaction zone.

(2) The reaction zone can be defined by an upper and lower temperature
limit.

(3) The gas generated within the reaction zone is assumed to pass out of
the structure with no pressure loss. No gas accumulation within a node is
allowed.

(4) Local thermal equilibrium is maintained between the gas and porous
char matrix.

(5) The gas undergoes no further chemical reaction within the residual
material after having been formed.

Derivation of Equations

The equations are derived for a moving boundary coordinate system, where
the front face is the moving surface (ref. 5). With this system, the ablating
material is divided into a fixed number of nodes of thickness AX which depends
on the instantaneous location of the front face. The surface recession is
handled in a continuous manner, eliminating the need of throwing away or lumping
off of nodes.

The physical model for the front surface, including all heating terms, is
shown as follows:
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92 p 2 2

in p cp2cS 2 T'

•icpii " ,k(•)
Si cT r(

91 pi~~ k 5i
p 1 P i 1 T2 

= T F P - 1 .0 /

The energy equation at the front char surface is

d8 ( ( AX plTI = PlCP 1 dT-1 +- 1 1 T p

=Qin + i2cp2T2 + 2 Tcin g2 ~ 2  P2 S2 cp2T2 - hglcplT1

- PlCp S1T - k (12)

where

"Qin kc, blow + 4rad + -cob FEa (TI -4 T)

and

where S is the linear surface recession rate and NP is the total number
of nodes in the ablation material of thickness VT.
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Rewriting eq~uation (12) in implicit f'inite difference form

Q. ~n T t -S(T{' - T21)

in' g2 P2  91 - i lgp 1 P 1cT '!ý + A
2k 1 2k2

1 2

- ~~~T' 1 (12a)

Then, rearranging and collecting terims yield

AX 1 1___

Spc + 7k 2

+ [L gC p + ALX 1 A6X + P2 c ýN -1 0

AXT
1c Pi PA 1 in.

(12b)



The physical model for interior points in the mature char zone, including
all heating terms, is shown in the following sketch:

gi+l Pi+l i+l

gi Pi P i+l i,i+iCpi+iTi+l

""h e equati-lon o i p ix

NP i l

The energy equation for interior points in the char matrix is

7cT d. + P )+ c S -P Td+I

3hgi+l cPi+l T -~ k i-li'i( X Pi+ICpi+lNP'+

- k. (nT) - ih c T' - - T'. (1+)i2i+ A gi Pi i . 1
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Putting equation (13) in an implicit finite difference form yields

"Ix "N - g • Pi " i + +
( X2 ip + 16X A

2k. 2k 2k

+2D i + P -• c~ T1-

LkX7 + Xi~ Pi p i 9 Pi T

+ c + i-l ,gi+l Pi+l g__ + mi+iCpi+1 -i+

2k 2k i+l

= c i Cpi +Po ii

(13a)

In the mature char zone, no internal gaseous ablation products are assumed
to form. The reaction zone is the source for the formation of the internal
gaseous products. Therefore, in equations (12) and (15), ia = i

The physical model for nodes in the reaction zone is identical to sche-
matic shown for the interior nodes in the char except for considering the energy
absorbed in formation of the gaseous ablation products. The heat balance
equation for a node in the reaction zone is

df XT iAXP c PT -Pc T' (H
"d h(iXp~pi) T p~ -d api Pa -1 ( g +1) Hd

ii

in kc±+ T ~ + kl A pT - ic 1 2) T~ (14)+

g i+l P i+l il i i-l . i Pi+ICp i+l -• T~

-~~ ~ kiil " i Pi Pi~p
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Rearranging,

_k_- 1 ki-) 1_+__

(l) -[c+P AX _+2kk2k.

1 AX g i i i ( NP \lm [ i+ cZi

(=2k + + -P" c .+

1k I+1PiX

+A1X+ AX + P i c -'A9 Pic TFP T- 1" g~cp
2k 2k 

k

1 N_____

1X+ AX +i+lc C~ P ~
2k. 2ki+l

pAX Ti -m M H (14a)
Pi AG-1 - \i gi+l)

The physical model for the interface between the reaction zone and virgin
material is illustrated as follows:

S c T..

I k

Si-l,' PicPi~i T. °i

i, i+l up-

~~N Sil- = +
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The heat balance equation for this node is

d (xic Ti) = AýXP1C dT. - T (g H d

To- .. ± T (-) Pi+ cp i i 1

i ýx ii1 +1 ( -- ~

Rearranging yields

i~x -+zS- Ti-1 [ i Pigp + !2k + 2k. + k 2k A
k +- 2i/ ik_ 2ki 1 k 1 2k i+1

+ piC NPi ('" i+ 1 ~ ~ -

+ [ ~ 2 + p ~C S i 2)T'~
=-i -T NP p. Ae q g. di N1a

1 1
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The physical model for an interior node in the virgin material is

Si.,i+lpi Pi+l i+l

Si-i, icp Pi i Ii k (n)

i ,i+l (APX

p Si-l i 2

The heat balance for this nonablating node is

d (LxPic Ti) =AXPici d Pi CTi NP( - 1

=~ P±+lcp ~ 2 ~ 1 ~ (AX)k ki-!, i A+ ilpi+l N - i Ti+l "ki,i~l A

- Pi cPiS -NT (16)
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Rearranging,

- + i-1 - X + Ex + 16X

2k. 2k 2k 2k 2k1- 1 1)i 1 1 ki+l

++Pc 2 +P + 1 P - T!i Pi NP-1 ipi Pi A ipi

1 21 - 1 l'i+l :- (-1 (16a)2k 2k i+1

The physical model for the last node in the ablation material and first node
in the backup structure is

2 2

AX.

/AT\i+l, j+1

ki-l'j
i, J__ _ _ _ _ _ _ _ _

-- 5i-l,i = • - 1)

For this interface, Tij = Ti,j+l.
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The heat balance equation for this node is

d_ [( .c A+ c j TdPiJp +i + 2 p + i,j+lJ i

""\2 1,3 " 2 ,- i p fi ji
QS. c + AX +1C P. 1/

j "~ pi,j i,j ~ 1 I" l 1 Tij

iij i+l, j+l

Rearranging yields

1 1
(k + A)T l > + i Zj+l +kAX + +l2ki--lj 2k i, j -ki l j 2k.i j 2 ' +1 2 ~~~

KA, j 2ki+l, j+l

+ i iTPi 2j + I +Pii+l j +l 6

Pk, J+ij+l 7k l, j+l

(= X C p -i' i+AXi+lCPij+lPi'j+)Ti

(17a)

The backup structure may contain up to a maximum of 12 different materials
with or without air gaps between materials. Therefore, conduction or radiation
and/or convection between materials is allowed. The heat balance equations for
the various modes of heat transfer in the backup structure are presented in
the following equations:
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(i) Interior node material:

(T! - T' ) (T' - T' ) AX
i-1 i,j iX. i _l =j c VJ (T' - T1 ) (18)'!ýX. iZhX -&QCX. =i, j p A9 ij ,j
2k + 2k 2k + 2k Piyj

2ki~~~ll j kj 2~,j 2i+l, j

Rearranging, equation (18) becomes

AX.X T . i-1,j \ AX. AX. AX. AX.

kl, 2kia-/ ki-l 2 + ._l 2._._ +
2. .2k.. 2k

71 ij 2i+,j

=-Pii jCpi'j AG T i,-- (18a)

(2) First and last nodes of two interior materials with no gap:

Tp_ *c T' T! .+-T

i -. . ij ai.j+l .i+l :+I

Lkx +AX M'+ +D AIXj+I

2ki-l, 2k, 2k. j+l 2ki+l,j+l

p l cP, j 'S piI' J + l ~ C pi j+ l Ax J+l T ' T (19)
=2 AO@ ilj i J)

For this case, Ti, Ti I~
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Rearranging, equation (19) becomes

1+ --- + 1

S2k 2k_ 2j 2kl+ 2k
i-lj 'ji-li 'j i~j+l i+1,j+1

+ c ,a j + P i,j+l Cp+Axj+l
2 AO ,

+ 1T
AX +, + iAlj+ +,J+l

2ki,j+l + ,j+1

(Pi' C cp AX j + c j+lpi'j+l AXj+l T

(19a)
(3) First node of interior material with an air gap between materials:

hj\T , l -,J ,j+l) + 1 or (T I - T, 4j+l)

e j+l

i,J+l i+l,j+I T=,J
"AX" AX 2 Ae ,4+1 i,j+-) (20)

i,ji+l,j+

Equation (20) may be linearized by using the approximation

T 3T

as discussed in the Program Description section.
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Therefore, rearranging and linearizing, equation (20) becomes

4c)Trl - 1,r3+
h. + Ti h + +-

p. c A6X

+ + AXT t

I3xj+1 2k&j+I 2 ]E) i, +1

1 k j+l 2ki+l,j+li

+ 1 T, Pi'j1 i'j1&+l T+
+ " Aj+X Ti+ij+i - 2 AG T.

i+JAj~l2 kij+i 2k i+j~j+/

3-G Ta 4 - T4(20a)+ i + il mj+l i-1 Ti-
j e j+l

(4) Last node of an interior material with an air gap between materials:

(T-j T j) h(T'j j+

X. AX , i,X + 3

2k + 2k.
i-l'j 'jl,

- ( _+ _4_ - T ) 4 P (T T ) (21)
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Rearranging and linearizing, equation (21) becomes

16x 6 .T , h + ' . Ax. + . o- + j
_ + + + C -_ F-

(2k:_ ~ 2k•i L 2k.lj 2k.j j+l

im~j

( Aibt c sAce T .. +
+ " T + i,(j+l Ti (2

T2 AX T[ . 1

<7 +

Rearranging, equation (22) becomes

17 TC

AX. T. i-,j - AX AX.
+ + _

2ki' 2ki.a i-2k. 2k.

P.,tA.P .c AX.
i 'J°i i'j. i, p p . -T . (22a)

222 A= 2 AU Tij

2k22

Rearangig, euatin (2) beome



(b) Radiation and/or convection loss to cabin environment -

Ti-1, T19h3T., T)
+ x+ j env I e

2k 2k. .

4-lj 'ji x

_-- F T , - T! (23)
-F i.,j env 2 Ae i -j Ti, J

Rearranging, equation (23) becomes

T 1 - h nv+ 1 +F nc( Xi-,j (env AiX . env 1,
1-1, + j + _2k _\2k-~ 2ki/ 2ki-~ 2k,

P c P *AX p.c A1X.
13P. .c 1i,3 Pi

+ P T! - T.+ 2 Ae ,j2A ~

"env env nv ( j +Tenv (23a)

Discussion of Assumptions

A brief discussion of several assumptions and approximations made in
deriving the heat balance equations is now presented.

As shown in the Derivation of Equations section, transient heat con-
duction, thermal degradation, and the flow of the gaseous products from the
reaction zone are the internal thermal transport phenomena of interest.
Several methods are available in the treatment of the thermal decomposition
process, and they differ primarily in whether the chemical decomposition
occurs in a single plane at a fixed temperature or whether a spacially contin-
uous decomposition in depth is assumed. This analysis assumes that the decom-
position from the virgin to the char state occurs in a reaction zone that is
defined by known temperature limits. These temperature limits are determined
from thermogravimetric test data for the particular material being investigated.
Figure 3 is a thermogravimetric curve for typical charring ablation material.
From this curve, the rate of pyrolysis m 9 is calculated by knowing the

g
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temperature change of a particular node with time, that is,

- i(24)

and
NP

Lgi i 6

This method of computing the gas-generation rates and local instantaneous
density may be subject to error since the thermogravimetric curve of a
material is influenced by temperature rise rate (deg/sec), and the reaction
zone may shift up and down the temperature scale. This error can be elim-
inated by the use of an Arrhenius expression of the form

E
d-p n RT7 -A p - Pc) e (26)

The method now being used in STAB II (equation (25)) to calculate the pyrolysis
rate is being investigated to determine its validity. The final formulation
of the pyrolysis rate law must rest heavily on the experimental rate data for
the material under investigation. The use of simple expressions such as
equations (24) and (25) may be entirely adequate, depending upon activation
energy for the decomposition process and order of reaction.

The aerodynamic heating input in the analysis consists of convective
and radiative components treated separately. This distinction is necessary
since the convective heating can be significantly reduced as a result of the
injection of the ablation gases into the boundary layer, with generally no
effect on radiant heating. Reduction in the convective heating rate can be
approximated by the following expression (ref. 6):

q block =mg(HT- Hw) (27)

Therefore,

4c,blow = ( -H 5 o0 ) Thblock (28)
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However, equation (28) is unsatisfactory for high blowing rates, since 4 block

can become greater than cw" An experimental curve of blocking effectiveness
E Hc _

=cl as a function of the mass transfer parameter -. can be em-
4cw qcw

ployed to determine the heating reduction at high blowing rates. Both methods
have been employed in the STAB II analysis. Equation (28) is presently in use.
However, no satisfactory method for accurately predicting the convective heat
blockage has been determined.

Another source of heating is the combustion of the ablation products in the
boundary layer. Reference 7 presents an analysis of the oxidation of a carbon
surface and the resulting combustive heating. The heating due to combustion as
derived in reference 7 is

4comb = "" (29)

where A\E is the heat of combustion per unit weight of char.c

The thermal properties of the ablation material are both temperature and
state dependent (fully or partially charred). Figure 4 is an illustration of
the variation of these properties with temperature and state. The thermal prop-
erties are assumed to vary as follows:

(1) Char zone (Ti ;ŽT char)

k = f (temp)

c = f (temp)Pc

PC = constant

(2) Reaction zone (T 1 ab • T. < Tcha)

p = f (temp)= k + (P P C) ( Tbi' T ar)

c =f(p) =P + N'c k Pci PC
p p) p PVp - P )
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(3) Virgin zone (Ti< Tabl)

Pv = constant

k = f (temp)V

c = f (temp)

The calculation of char removal, due to chemical, therma2, or mechanical
mechanism or a combination of these mechanisms, has been examined by a multitude
of investigators and numerous correlations exist, depending on the specific
material involved.

To provide a maximum degree of flexibility for analyzing both ground and
flight test data and synthesizing trajectories, the following provisions for
char removal (surface movement) are provided:

(1) Removal of char as a function of surface temperature.

(2) Removal of char at a rate which is a function of time.

As the char is removed, the surface moves with respect to a coordinate fixed
in the material. The distance between the initial surface location and the
char surface is

ANALYSIS VERIFICATION

As discussed in the previous sections, approximations and assumptions
were made in the analytical model to afford a quick and accurate solution
in predicting the thermal response of a charring heat shield. These
simplifying assumptions and approximations are expected to introduce only
minor errors; however, the validity of the analyses and resultant accuracy
can be judged only by a comparison with exact theoretical solutions and
experimental data. Three examples have been selected, and a comparison
of the STAB II results with the theoretical and test data is discussed in the
following paragraphs.

An elementary transient heating example was chosen to demonstrate the
accuracy and numerical stability of the STAB II program. A steel slab
6 inch~s thick was selected and assumed to be at uniform initial temperature
of 460' R (00 F). The thermal properties were considered constant. The
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front surface was subjected to a heating rate of 72 Btu/ft2 -sec, and an
adiabatic back surface was assumed. Figure 5 shows a comparison of the
STAB II calculated in-depth temperatures as a function of time with the
exact solution taken from reference 8.

To demonstrate the STAB II solution with a moving boundary, a slab with
constant properties, uniform initial temperature, front surface moving with
a constant velocity, and constant surface temperature was chosen. The exact
solution for a semi-infinite slab with these boundary and initial conditions
is presented in reference 9. Figure 6 presents a comparison of the STAB II
temperature response with the exact solutions. As can be seen from this
figure, the two solutions are not in agreement for approximately the first
50 to 60 seconds of the transient. This disagreement is the result of the
quasi-steady state assumption made in the exact solution analysis.

E( =T __ 
17IX0=ScPA

A calculation was made to estimate the induction time (time at which 7 - 0

is a good assumption) and found to be approximately 60 seconds, which is in
agreement with the STAB II results.

Finally, to verify the fully charring ablation model, an example of a
typical charring material was chosen. (See the sample problem in appendix A.)
The charring ablation material is initially 1.6 inches thick with an adiabatic

back surface and a constant heat flux of 95 Btu/ft 2-sec applied to the front
surface. The surface is assumed to recede at a constant velocity of

3.05 X lO-3in./sec. Figure 7 presents a comparison of the in-depth tempera-
tures with actual test results obtained in an arc tunnel. The results are in
good agreement, with the largest deviations between calculated and measured
values occurring for the thermocouple located at a depth of 1.0 inch. The
disagreement could be attributed to several possible errors: thermal property
values, incorrect location of thermocouples, et cetera. The effect of varying
the thermal properties (thermal conductivity, specific heat, et cetera) is
presently being investigated.

Tables I and II present the input and ouitput data used for this example.
Figures 8, 9, and 10 are the resulting plot routine output.

The comparisons between the computer results and the exact solutions and
test results are considered satisfactory.
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CONCLUDING REMARKS

An analysis and a computer program for predicting the transient thermal
response of a charring ablation thermal protection system has been described.
The numerical formulation of the equations is such that an implicit solution
is obtained. This method of solution affords both a rapid and accurate solu-
tion for both ablating and nonablating type problems.

Provision is made in the program for a number of surface boundary condi-
tions. These provisions allow efficient use of the program for analyzing both
ground and flight test data and trajectory synthesis.

The computer program has been checked out with both exact solutions and
actual ablation test data. The numerical results are in good agreement with
the exact solutions and test data. However, the analysis depends upon using
good property values, and some effort must be expended in obtaining the best
possible thermal properties.

Manned Spacecraft Center
National Aeronautics and Space Administration

Houston, Texas, November 1, 1965

28



REFERENCES

1. Israel, Martin H.; and Nardo, S. V.: An Annotated Bibliography on
Ablation and Related Topics. PIBAL rep. no. 686, Polytechnic
Institute of Brooklyn, May 1964.

2. Hurwicz, Henryk: Aerothermochemistry Studies in Ablation. Fifth AGARD
Colloquium on High-Temperature Phenomena (Braunschweig, Germany,
April 9-13, 1962, Pergamon Press, New York, 1963.

3. Liebmann, G.: A New Electrical Analogue Method for the Solution of
Transient Heat Conduction Problems. Transactions of the ASME, vol.
78, no. 3, 1956, p. 655.

4. Forsythe, George E.; and Wasow, Wolfgang R.: Finite-Difference Methods

for Partial Differential Equations. John Wiley and Sons, Inc.,

New York, 1960.

5. Angelone, J., et al: Development of a Reinforced Carbonaceous and
Ablative Composite for Entry Heat Protection of Manned Spacecraft.
Tech. Rep. 330.17, Astronautics Div., Chance-Vought Corp., July 1963.

6. Roberts, Leonard: Mass Transfer Cooling Near the Stagnation Point.
NASA TR R-8 (Supersedes NACA TN 4391), 1959.

7. Dow, Marvin M.; and Swann, Robert T.: Determination of Effects of
Oxidation on Performance of Charring Ablators. NASA TR R-196, 1964.

8. Carslaw, H. S.; and Jaeger, J. C.: Conduction of Heat in Solids.
Clarendon Press, Oxford, 1959.

9. Schneider, Paul J.: Conduction Heat Transfer. Addison-Wesley Publishing
Co., Inc., c. 1955.

29





APPENDIX A

SAMPLE PROBLEM

The following sample problem is shown to indicate the form of the data
input and the program output. A typical charring material subjected to a
constant heating rate as experienced in an arc tunnel is presented. The fol-
lowing is a sketch of the model:

4 = 95 Btu/ftt. -_sec

ABLATION I
1.5 in.

MATERIAL

Insulation 0.1 in.
0

Adiabatic

The various material properties and dimensions are shown in the program
output of Table II. The insulation is assumed to be ablation material for this
problem. The problem coding sheet and subsequent data card listing are shown
in Table I. The initial temperature of the structure was assumed uniform and
equal to 5300 R (700 F). Figures 8, 9, and 10 are the output data obtained
from the plot routines.
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APPENDIX B

PROGRAM USAGE INSTRUCTIONS

IBM 7094/40 program F021, standard ablation program, designated STAB II,
is designed to evaluate the transient thermal performance of a charring ablation
heat protection system. The program considers one ablating material and up to
12 different materials in the supporting backup structure. A maximum of
50 nodes may be considered in the ablation material, and a maximum of 10 nodes
per material is allowed for each backup structure material. Air gaps can be
considered between successive materials in the backup, thus allowing for
both radiative and/or convective heat transfer between materials. The heat loss
to the cabin environment from the backup structure can be accomplished by both
radiation and/or convection, or an adiabatic backface surface may be prescribed.

Unless otherwise specified, the input problem data are in "floating
point" form (E12.8 format) and must end in columns 12, 24, 36, 48, 60, and 72.
It is suggested that each floating point number have a sign, a two-digit
exponent, and a decimal point. For example, the number 145.23 can be written
as +1.4523 +02, +145.23 +00, or +.14523 +03.

Input Nomenclature

The nomenclature used in the problem data input is as follows:

NCASE number of problems to be run successively

HEAD any 72 alphabetical and/or numerical characters

TITLE control card for reading in new input for successive
problems

1. blank card - new data will be read in

2. Six asterisks in columns 1 to 6. Skip to
next read statement

TLIM time limit of problem, sec

TINT starting time of problem, sec

NPTT number of points in time-step table (the minimum
value of NPTT is 2)

INPLOT output plot control

=l plot routine will be used

=0 plot routine will be ignored
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TTABLE time in time-step table, sec

DELTT time step to be used for each calculation - starting
at time TTABLE, sec

IPRC variable print frequency in TTIBLE table; that is, if
DELTT = 1.0 and IPRC = 10, the output will be printed
at 10-second intervals

FCONV factor to correct convective heating rate for various
body locations

FRAD factor to correct radiative heating for various body
locations

TABL temperature at which ablation starts, OR

TCHAR temperature at which ablation stops, OR

TREC surface temperature, 0R, or time at which char removal
is to start, sec

RHOV density of virgin ablation material, lb/ft3

RHOC density of mature char material, lb/ft3

FBLOW blowing efficiency of ablation gases in reducing convective
heating

EMV emissivity of virgin ablation material

EMC emissivity of charred ablation material

H300 enthalpy of air at 300° K, 129.06 Btu/lbm

VL initial thickness of virgin ablation material, in.

HV heat of degradation of virgin material, Btu/lbm

VPT test to determine if the reaction zone and char zone
thermal properties are irreversible with temperature

=0 properties are irreversible and equal to the value at
the maximum individual node temperature (this is the
recommended value for VPT)

=1 properties are reversible

FV view factor for external environment

TV sink temperature of external environment, 0
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CHARK thermal conductivity of material at TCHAR, Btu/ft-hr-°R

CHARC specific heat of material at TCHAR, Btu/lbm-°R

ABLK thermal conductivity of material at TABL, Btu/ft-hr-°R

ABLC specific heat of material at TABL, Btu/lb-° 0 R

NP number of node points in ablation material

NKC number of points in char thermal conductivity - temper-
ature table

NCPC number of points in char specific heat - temperature
table

NKV number of points in virgin thermal conductivity -
temperature table

NCPV number of points in virgin specific heat - temperature
table

NREC number of points in surface recession - temperature or
time table

TKC temperature values in char thermal conductivity -
temperature table, OR

XKC thermal conductivity values in char thermal conductivity -

temperature table, Btu/ft-hr-°R

TCPC temperature values in char specific heat - temperature
table, OR

CPC specific heat values in char specific heat - temperature
table, Btu/lbm-°R

TKV temperature values in virgin thermal conductivity -

temperature table, OR

XKV thermal conductivity values in virgin thermal conduc-
tivity - temperature table, Btu/ft-hr--°R

TCPV temperature values in virgin specific heat - temperature
table, OR

CPV specific heat values in virgin specific heat temperature
table, Btu/lbm-°R

TS temperature,°R, or time, see, values in the surface
recession table
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SR surface recession values in the surface recession -

temperature or time table, in./sec

NTRAPT number of time points in the trajectory input table

TIME the array of (NTRAPT) trajectory time values, sec

QCON the corresponding array of cold wall convective heating
2

rates, Btu/ft -sec

QRAD the corresponding array of radiative heating rates,

Btu/ftJ-sec

VEL the corresponding array of flight velocity, ft/sec

NMB number of materials in backup structure

NPBS total number of node points in backup structure

BL total thickness of backup structure, in.

XNPM number of nodes in each individual material in backup
structure

NK\B number of points in each individual backup structure
material thermal conductivity - temperature table

NCPB number of points in each individual backup structure
material specific heat - temperature table

XIDNT any 72 alphanumeric characters used to describe each
individual material in the backup structure

TXK temperature values in backup material thermal conductivity -

temperature table, OR

XK thermal conductivity values in backup material thermal
conductivity - temperature table, Btu/ft-hr--R

TCP temperature values in backup material specific heat -
temperature tables, OR

CPX specific heat values ii backup material specific heat -

temperature tables, Btu/lbm-OR

RHOBX density of individual materials in backup, lb/ft3

XBM thickness of individual materials in backup, in.

EWFB emissivity of front surface of each material in backup
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EMBB emissivity of back surface of each material in backup

H film coefficient between adjacent materials in backup,

Btu/ft -hr- R

GAPX width of gap between adjacent materials in backup, in.

FTEST, tests to determine the mode of heat transfer between
BTEST materials for the front and backface of each material

respectively

=0 conduction only between materials

=+l convective heat transfer only

=-l radiation only or radiation and convection heat transfer

TENV temperature of interior cabin environment, OR

HENV film coefficient to interior cabin environment,

Btu/ft -hr-°R

FENV view factor and emissivity product for radiative heat
transfer to cabin interior

QLJSS boundary condition between last node of the backup

structure and cabin environment

=0 adiabatic surfaces

=+l radiation and/or convective loss

TEST2 determines the proper heat shield initial temperature
distribution

=0 constant, uniform initial temperature distribution

=-l arbitrary initial temperature distribution

=+l linear temperature distribution

TEMPI temperature to be used when constant temperature
distribution option is used, OR

TXO initial temperature at front surface of heat shield to
be used in computing initial linear temperature
gradient, R

TEMDI arbitrary temperature distribution values, to be used only
if TEST2 is negative, OR
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NHP number of points in enthalpy - temperature curve fit

HX enthalpy values in enthalpy - temperature table,

Btu/lbm

TW corresponding temperature values in enthalpy - temperature
table, OR

Input Data Card Preparation

The input data are given in the following order. Each number in the fol-
lowing listing refers to a separate record and must begin on a new data card.
The input data have been grouped, where possible, into various sections dealing
with a particular part of the input, that is, ablation material properties,
trajectory data, backup structure, et cetera. This grouping permits the use of
a minimum number of input cards for running successive problems. The title
card as described in the input nomenclature controls the input for successive
problems.

1. The first data card contains the value of NCASE. NCASE is an integer
(15 format) and must end in column 5. This card tells how many problems are to
be run and is entered only once at the start of the data deck.

2. Columns 1 to 72 of the second data card contain any title or identi-
fication information desired; any alphanumeric character may be used. This
card is printed at the top of the first page of the output. This card must be
included in all successive problems to be run.

(a) Problem time section

3. TITLE card - if blank, cards 4 and 5 must be submitted. If six aster-
isks are punched in columns 1 to 6, skip to record number 6.

4. This record contains, in the following order, TLIM, TINT, NPTT, and
NPLOT. TLIM and TINT are entered as floating-point numbers and must end in
columns 12 and 24. NPTT and NPLOT are integers entered with an 15 format and
must end in column 30 and 35.

5. Start entering the values of TTABLE, DELTT, IPRC. TTABLE and DELTT
are floating-point numbers and must end in columns 12 and 24. IPRC is entered
as integer with an 15 format and must end in column 30. Use as many cards as
required to enter NPTT values.

(b) Heating rate factors section

6. TITLE card - if blank, card 7 must be submitted. If six asterisks are
punched in columns 1 to 6, skip to record number 8.
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7. Enter the FCINV and FRAD. These numbers are entered as floating-point

numbers and must end in columns 12 and 24.

(c) Ablation material section

8. TITLE card - if blank, cards 9 to 18 must be submitted. If six aster-
isks are punched in columns 1 to 6, skip to record number 19.

9. HEADNG card - any alphanumeric characters in columns 1 to 72. Records
9 to 18 contain input data for the ablation material.

10. Enter TABL, TCHAR, TRECý RHOV, RHOC, and FBLOW. These numbers are
entered as floating-point numbers (6E12.8 format) and must end in columns 12,
24, 36, 48, 60, and 72.

11. Enter EMV, EMC, H300, VL, HV, and VPT. Use the same format as card 10.

12. Enter FV, TV, CHARK, CHARC, ABLK, and ABLC. Use the same format as
card 10.

13. This card contains, in the following order, NP, NKC, NCPC, NKV, NCPV,
and NREC. These numbers are fixed-point integers and must end in columns 5,
10, 15, 20, 25, and 30. An 15 format is used to read in these numbers.

14. Start entering the curve of TKC versus XKC, with the values of TKC
ending in columns 12, 36, and 60. The corresponding values of XKC must end in
columns 24, 48, and 72; for example, three TKC-XKC points are contained on one
card. The numbers are entered as floating-point numbers. Use as many cards as
required to enter NKC points on the curve.

15. Start entering the curve of TCPC versus CPC with the values of TCPC,
ending in columns 12, 36, and 60. The corresponding values of CPC must end
in columns 24, 48, and 72; for example, three TCPC-CPC points are contained on
one card. The numbers are entered as floating-point numbers. Use as many
cards as required to enter the NCPC points on the curve.

16. Start entering the curve of TKV versus XKV with the values of TKV
ending in columns 12, 36, and 60. The corresponding values of XKV must end in
columns 24, 48, and 72; for example, three TKV-XKV points are contained on one
card. The numbers are entered as floating point. Use as many cards as re-
quired to enter the NKV points on the curve.

17. Start entering the curve of TCPV versus CPV with the values of TCPV,
ending in columns 12, 36, and 60. The corresponding values of CPV must end in
columns 24, 48, and 72; for example, three TCPV-CPV points are contained on one
card. The numbers are entered as floating point. Use as many cards as re-
quired to enter NCPV points on the curve.

18. Start entering the curve of TS versus SR with the values of TX, ending
in columns 12, 36, and 60. The corresponding values of SR must end in columns
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24, 48, and 72; for example, three TS-SR points are contained on one card.
The numbers are entered as floating point. Use as many cards as required to
enter NREC points on the curve.

(d) Trajectory data section

19. TITLE card - if blank, cards 20 to 22 must be submitted; if six
asterisks are punched in columns 1 to 6, skip to record number 23.

20. HEADNG card - any alphanumeric characters in columns 1 to 72. Records
21 and 22 contain trajectory input data.

21. Enter NTRAPT. This number is an integer and must end in column 5.
An 15 format is used to read in this number.

22. Start entering the trajectory data in the following order: TIME,
QC0N, QRAD, VEL. These values are entered as floating-point numbers and must

end in columns 12, 24, 36, and 48. There are four trajectory data points on
one card. Use as many cards as required to enter NTRAPT points in the tra-
jectory.

(e) Backup structure section

23. TITLE card - if blank, cards 24 to 31 must be submitted; if six
asterisks are punched in columns 1 to 6, skip to record number 32.

24. Enter NMB, NPBS, and BL. These three values must end in columns 5,
10, and 24. NMB and NPBS are integers and are read in under an 15 format. BL
is a floating-point number.

25. Enter the values of XNPM. XNPM is in floating-point form and must
end in columns 12, 24, 36, 48, 60, and 72. Use as many cards as required to
enter NMB points.

26. Enter the values of NKPB and NCPBo These numbers are integers and
NKPB must end in columns 5, 15, 25, 35, and 45; and the corresponding values of
NCPB must end in columns 10, 20, 30, 40, and 50. An 15 format is used to read
these values. Five NKPB-NCPB values are contained on one card. Use as many
cards as are required to enter NMB points.

27. XIDNT card - any alphanumeric characters in columns I to 72. This
card contains a description of each backup material.

28. Start entering the curve of TXK versus XK with the values of TXK,
ending in columns 12, 36, and 60. The corresponding values of XK must end in
columns 24, 48, and 72; for example, three TXK-XK points are contained on one
card. The numbers are entered as floating point. Use as many cards as re-
quired to enter NKPB points on the curve.
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29. Start entering the curve of TCP versus CPX with the values of TCP,
ending in columns 12, 36, and 60. The corresponding values of CPX must end
in columns 24, 48, and 72; for example, three TCP-CPX points are contained
on one card. The numbers are entered as floating point. Use as many cards as
required to enter NCPB points on the curve. Repeat records 27, 28, and 29
until the properties for NMB materials have been entered. The maximum number
for NMB is 12.

30. Start entering the following values in order: RHOBX, XBM, EMFB, and
EMBB. These values are entered as floating-point numbers (6E12.8 format)
and must end in columns 12, 24, 36, 48, 60, and 72. Use as many cards as
required to enter NMB points.

31. Start entering the following values in order: H, GAPX, FTEST, and
BTEST. These values are entered as floating-point numbers (6E12.8 format)
and must end in columns 12, 24, 36, 48, 60, and 72. Use as many cards as
required to enter NMB points.

(f) Interior environment section

32. TITLE card - if blank, cards 33 and 34 must be submitted; if six
asterisks are punched in columns 1 to 6, skip to record number 35.

33. HEADNG card - any alphanumeric characters in columns 1 to 72.
Record 35 contains properties of environment.

34. Enter the following: TENV, HENV, FENV, and QLJSS. The values are
entered as floating-point numbers and must end in columns 12, 24, 36, and 48.

(g) Initial temperature section

35. TITLE card - if blank, records 36 and 37 must be submitted; if six
asterisks are punched in columns 1 to 6, skip to record 39.

36. HEADNG card - any alphanumeric characters in columns 1 to 72.
Records 37 and 38 contain initial temperature distribution input.

37. Enter TEST2, TEMPI, and TX2. These values are entered as floating-
point numbers and must end in columns 12, 24, and 36.

NOTE: If TEST2 is a negative number, record 38 must be submitted; other-
wise, skip to record 39'.

38. Enter the arbitrary temperature distribution values, TEMI. These
values are entered as floating points with a 6E12.8 format. Use as many
cards as required to enter NP plus NPBS node points.

(h) Enthalpy - temperature section
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39. TITLE card - if blank, records 40 and 41 must be submitted; if six
asterisks are punched in columns 1 to 6, this is the last data card in the
problem input.

40. Enter NHP. This value is an integer and must end in column 5. An
15 format is used to read in this number.

41. Start entering the curve of HX versus TW with the value of HX ending
in columns 12, 36, and 60. The corresponding values of TW must end in columns
24, 48, and 72; for example, three HX-TW points are contained on one card.
The numbers are entered as floating points. Use as many cards as required to
enter =TP points on the curve. Record 41 consists of the last data cards
required as input for a problem.

As many successive problems as desired may be run at one time by proper
input preparation. STAB II has been designed to save all input information
until it is changed by new input data. Therefore, the use of the TITLE
control card is very important when running more than one problem and using
the input data of previous problems. As shown, each input section starts
with a TITLE control card for determining whether new input data are to be
used. If any data are changed within a section, then all data cards required
for that section must be submitted.

STAB II can also be used for solving one-dimensional transient heat-
conduction problems of nonablating materials. The following input parameters
must be adhered to:

1. TABL must be greater than the maximum temperature expected during the
calculation. Also, TABL > TCHAR > TREC.

2. The ablation material must be considered to be the first material
in the structure for calculation purposes.

3. The virgin and char properties must be inputed as described above
but can have the same values; that is, XKV = XKC, CPC = CPV, RHOV = RHOC,
et cetera.

The following dimensional statements and program limitations should not
be violated when preparing the input described above for ablating and non-
ablating structure:

1. All property tables can have a maximum of 20 points (i.e., a tempera-
ture and specific heat value constitute one point).

2. The surface recession table can have a maximum of 50 points (TS and
SR constitute one point).

3. The trajectory table can have a maximum of 300 points (TIME, QCON,
QRAD, and VEL constitute one point).
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4. The ablation material can be broken into a maximum of 50 nodes. The

backup structure can consist of up to 12 different materials with a maximum of
10 nodes per material.

5. A minimum of three nodes per material (ablation or backup) must be
specified.

6. A minimum of two materials must be specified (ablation material and
one backup structure material).

7. Pure conduction only is allowed between the ablation material and the
first material in the backup.

8. If any data input is changed in the Ablation Material Section on
successive problems, the Ablation Material Section data cards plus the
Initial Temperature Section data cards must be submitted.

Program Output Information

The computed results are available in two forms of output: tabular and
plot outputs. The tabular output presents the computed results in block
type form for each computation step as controlled by the print count control
number. As discussed in the preparation of input data, both the computational
time step and print control can be varied throughout the running of a problem.
Therefore, excessive printed output is avoided, and there is a considerable
savings in actual machine computation time. The plot outputs are printed
and plotted only when the entire set of problems to be run are completed.

Tabular output. - The program prints a listing of the data input para-
meters for identification of the problem and ease in identifying any input
mistakes. For stacked problems, the program prints only that input information
that is changed from the previous problem. The following calculated problem
output is printed:

1. Time, sec

2. Cold wall convective heating rate without blowing, Btu/ft 2-sec

3. Radiative heating rate, Btu/ft 2 -sec

4. Velocity, ft/sec

5. Gas a.)lation rate, lbm/ft 2 -hr

6. Char ablation rate, lbm/ft 2 -hr

7. Total ablation rate, lbm/ft 2 -hr

8. Surface recession depth from original surface, in.

43



29. Hot wall convective heating rate without blowing, Btu/ft -sec

10. Temperature distribution in ablation material, OR

11. Temperature distribution in backup structure, OR

The temperatures printed for the ablation material are for fixed distances
from the original surface. These distances are calculated from the initial
ablation material thickness and number of nodes in ablation material. For ex-
ample

let

VL = 1.0 in.

NP = 11

then

VLAX= =0. 1
NP - 1

The temperatures will be printed for X distances of 0, 0.1, 0.2, 0.3,
et cetera, from the original surface until the surface has receded beyond these
fixed distances at which time the node no longer exists and is dropped from
the printout. This is illustrated in the following way: let surface
recession = 0.26 inch. The first temperature printed then is the surface
temperature of the material, located 0.26 inch from the original material sur-
face. The following printed ablation material temperatures are for X dis-
tances of 0.3, 0.4, 0.5, ... , 1.0 inch.

The format for the temperature distribution printout is E16.5 with six
temperatures printed per line.

Plot output. - The plot output gives the following ablative material per-
formance parameters as a function of time:

1. Surface depth, in.

2. Bondline temperature between ablator and backup structure, R

3. Two selected isotherm depths

These values are also printed in tabular form for ease in checking and
replotting of the results. The plotted curves contain all maximum and mini-
mum values of the parameters.
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APPENDIX C

PROGRAM IN FORTRAN STATEMENTS
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SIBFTC MAIN AOOon
C Winl
C STRUCTURES AND MECHANICS DIVISION AOO2fl
C THERMO-STRUCTLIRES BRANCH A003n
C THERMAL PROTECTION SYSTEMS SECTION A0O4fl
C D1O05fl
C THIS PROGRAM DETERMINFS THE PFRFORMANCE OF A CHARRING APL-ATOR A006n
C W070
C ANALYSIS AND PROGRAM DEVEl~OPED Py DONALD m. CUIRRY * E5;3:2 AOORO
C A009n

DIMENSION ESAVEl(3)pFSAVFP(3),ESAVE3(l)- A0lflO
DIMENSION TITLE(12hPHFADNC,(12)PXIDNT(12,12),TKC(2n),xIc(C(2), AOI1i
ICA'C(2n) .TKv(2fl) XKV(Pnf) .TCPV(20) .CPV(20) ,TIMF(30n) eOCON(300) , A012Ml
2ORAD(3001 ,VEL(300) ,XNPM(tPh#NKPPl(12),NCPR(12),TXK(20,12),XK(20,1,) A013fl
3.TCP(20,12),CPX(2fpl,2),RHOBX(12),XBM(12),FMFB(12) .EM8R(1?),I-XXU29) A01140
'4o,CAPX(12) ,FTFST(12) .RTEST(12) ,TFMDI(2n0) .TXI (200) TX2(200) * A0150
5TX(2T(I0.1?) ,TIIL1(2-00) .TUL2(200) eHXC50 ,TW(50) ,IR(SO) RIR(50) * A016n
61R2(5n).Tt)L(Snl)#eIFM(Sn) ,TY(20n) ,A(200) uR(200) .C(0o) ,D(2on) p A017n
7R(50)eRl40(50) ,CP(50).DXR(12).XKP(2O.1P),CPB(1fl,12)PXMDG(50)o 0

9RPI(10e12),R82(1O,12),HCIP),S(50)tNPM(12) A020n
DIMENSION TTjl-(50),RHOYI~cSO).PHOY2(So).DRHO(S0),TCPC(:>O) A021n
DIMENSION TIMFP(3n0) .PRFS(300) .XC(50) ,TX2C(50) .XV(50) ,XDV(50) AO22fl
DIMENSION TS(r;0)pSR(Sfl) A023n
DIMENSION TTARLE(20).nELTTC20)tIPPC(2n) A024M
DIMENSION ASAVIE1(3),AS;AVFP(3)PASAVE3(1),BS;AVE1(3)#B,BSAVIE2(3), A0P50
IHSAVE3(3)PCSAVEI(3),CSAVEP'(3).CSAVE3(3),HFAD(12). Anp6n
lnSAVEl(3) .DSAVE2(3) .DSAVF3C3) A027n
DIMENSION XRA(30)#YA(30) A02an

C A0290
COMMON TKCXKCTCPC.CPC.TKVXKVTCPVPCPV.YNPMPRHORXUXRM,F-MBR. A030n
lFMFPNKPbNCPPPTXKXKTCPCPXPNPM.GAPXFTFST.F4TFSTTEMDI.TXI * AO0310
2TX2,TXC2TTULoTULIPTUL2, IRIRi,1R2,ABCDPSeRAPoRBCRPDBSR, A0190
:5RR1 RR2,TYPRHnY1.RHOYPPXMDGRHOCPPYK.XKRCPB,DXADTPXLOSTv A033M
4TABLTCHARTRFCRHOV.RHOCFRLDWeFMVPEMCeH300,NKC.NCPCNKvtNCPv, A034n
5NPPNMR.NPRSNPFTFST2, TFMPI ,TYO ,TFNVHENVFFNV.(OLO'.SSTL!MTINT A035n
COMMON 119 12.I3,Il4,15oI, OIN. TNT.DXXMTPTLVLBL.DMP,FRRt ,ERR2. A036n
IFRR3eFRR4,HVVPTPCHARKCHARC.ABLKARLCXmDCH A037n

C A03An
3000 FORMATCI2A6) AO3,9fl
3001 FORMAT(1XF12A6) AO00n
30n2 FORMAT(6EI298) A0410
3003 FORMAT(615) A042()
3004 FORMAT(1IS) A043n
3005 FORMAT(215) A044n&
3007 FORMATt2ISPIEI'4.8) AO4gin
3008 FORMAT(///1X,12A6) A0460
3009 FORMAT(IH1,lXP12A6) A0470
3010 FORMATC4E12,8) A048M
3011 FORMAT(2E12.8, 16,15.F13.RE12.8) A049n
3012 FORMAT(2El2*8oI6) A0500

DATA PRVOIIS/orS4545454545t4/ A0510
REWIND 11 A 0520
STOP=9999. * 053n
READ(5p3003)NCASE A 0540
LPLOT=0 A055M
JCNT~fl *0)6n



50 N9(:1 A05i711
11=2 A058n
12=2 A059(1
T 3=2 A0600
T4=2 A06ln
T5=2 A062n
1 6=2 A063n
T17=2 A061&0
INT:1 A065n
xLOST=0 * A066n
XMT=0.O A067fl
XMDT=fl.0 A06R0
FRRIOn.0 A0690
FRR2=n.o A070n
FPR3:fl.o 6071nl

FRR4:fl.0 A072fl
ICT=0 AO73fl
ICONT=0 A07L40
XMDCOn.0 A075n
NKP:1 A076fl
xL-STV=0.o A077fl
NPS=2 A0780
FRR5=o.0 A079n
TPCTOn A0i800
TCTP:0 A0S10
iPLOT:1 Aospfl
NXA1l A0A'3f
NYB:1 A084n
NXC~l A0850
NXD:1 AOR6M
qAVY3=-1ofl.AO7
SAVY4Y=-100. A0~88
00=01.0 AOB9n
qnlOT=fl.f AOQOO

c Aogiln
C GFNERAL TTTLF OF PRORLEM A00920

100 READC9#3000) (HEAfl(K)#K=Il.2) A093M
wRITE(6e3n09) (HEAD(K)PK=Ivl2) A09t4f
LPLOT=LPLOT+i Ao9sn
WRITE (11) (HEAD(I) .1:1.12) A096n
wPITE(6#11O) A097n

IJO FORMAT(//IXPI¶HINPUT nATA.//) A098M
RFAO(9t30nO) (TITLE(L2'.L=I.2) A0990
7F(TITLF(t4.Fa.PRVOUq) Go TO 150 A1000
RFAD(5.3011 )TLIMPTINTPNPTT.NPLOT~flMPTDMP Win1
RFAD(900112) (TTARLE(T.) DFLTT(I) .IPRC(I), .I:NPTT) A1020
T=TTNT A1030
nTS=DFLTT (1) A104n
DT=DELTTCI )/36,O0.0 *10fi0
WRITE(6#120) TLIMPTINTPNIPTT *106n

120 FORMAT(1HnP11RTIME LIMIT=#lPFIO.a4v4X,13HTNITIAL TIMFE.1PEI0.4.4X.S A1070
IHMPTT=0 4) A108n
wRITE(6p122) Al1090

122 FORMAT(//SPX.HTIMFP1AX,9NTIME STFPt6X#13H-PRINT CONTROL) Alton
wRITE(6.12'4) (TTAPLE(1).DFLTT(I).IPRC(I).T=1.NPTTI A1110

124 FORMAT(SX,1PEIO.4,6X. IPFin.4.QX, 14) AIIPM
C A113M
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C LOCATION FACTORS FOR CONVFCTIVE AND RADIATIVE HEATING AllI4ft
150 RFAO(5#300O) (TITLE(L)PL=I1l2) AlI5fl

TF(TITLE(l)9E~oPRVOUS) Go TO POO A1160
RFAD(5#3002) FCONVvFRAO A1170
wRITEC6#155) FCONVP~FRAD Allign

155 FORMAT(1H0,6HFCONV=,lPE12.5,4X5I4FRAD=,PvIP2.5/) A1190
C Al2OrI
C PROPERTIES OF ABLATION M.ATERIAL Al2lfl

200 READ(5#3000) (TtTLE(L)*L=1vl2) A122n
TF(TITLE(l).EO.PRVOUS) Go TO 300 Al23fl
RFAD(SP3000) (HEAONG(K)#K~lv12) A124n
RFAD(5p30n2) TABL.TCHARtTPEC.PHOVRHOC.FRLOWPFMV.FMCI.30nVL.HV, A1250
IVPTFVTVPCHAPKCHARC.ABLKe ABIC A126n
RFA (S,3003) NPPNKCPNCPC#NKVPNCPV#NREC A1270
READ(5p3oo2) (TKC(K)PYKC(X)P)K=l.NKC) A1280
RFAD(5p3002) (TCPCCM)PCPC(M)#M=1.NCPCI A129n
RFAD(5p3002) (TKV(L)#XKV([I)tL=1,NKV) AlIUO
RFAD(SP3002) (TCPV(N)PCPV(N.N=IoNCPV) A131M
RFAD(SP3002) (TSUT)cc.R(I)vI=lNRFC) A132M
wRITE(6p3008) (HFADNG(K)pK=l1vJ2) A133n
wRITE(6#210) TAPLTCHARoTPECRHOVRHOCFRLOW.FMV.EMCH30nVL.HVv A134n
IVPTFVTVCHARKCHARCAPLI' *AS C Al 350

210 FORMAT( lH0,5HTAPLL, 1PF12.5e3X,6HTCHAR=. IPF12.5,3Xe5HTREC=, 1PEI2.so A136fl
13X,5HPHOv=,lPF12.5.3x.5HRWOC=PIPF12.5,21X/lX.8HFRLOW=,1PF12.5,4X.4 A137fl
2HFMV=PIPE12.5,4X,4HEmCe, 1PE12.5,3XSHH3nn, lP~l245.5X.3HVL=. IPEIP. A138M
354~Hv#P12 IRHP=IF1.tX3F=IF1*oX3T=tE A1390
112.5,2X,6HCHAPK=,lPFt12.5/1X,6HCHARC=, 1PEI2.5.3X.5HARLK:, IPEI2.5,3X A1400
2v5HABLC=. 1PF1P*5/) A14lfl
VL I :VL A142fl
VL-=VL/12.0 AI'43n
VLV:VL A1440
WRITE(6t2P0) NPPNKCPNCPC#NKVNCPVNREC Al'45M

220 FORMAT(2X,3HNP:,114,4Xp4HNKC~,1II~,4X.5HNCPC:.1I4.a4XI4HNKV~, 14e14X, A1846n
l5HNCPV.p14p4)We5HNRF~c=.#1T4) A1470
wPITE(6p2P1) AI'48n

221 FORMAT(/32X~tSHVIRGTN MATFRIAL/2nX.7HTHERMAL.38XSHSPF'CIFIC/3X.IH AlI49n
ITFmPERATURE,4Ytl2HCONnUCTTVITYplgX.IIHTEMPERATURF,7X,4HHFAT) A150DO
KLLL=MIN0 (NKv#NCPV) A151n
wRITE(6t2P2) (TKV(L).XKVCt-hTCPV(L).CPV(L),L=t.KLLL) A1520

222 FORMAT(2XPlPE12.5,4XtiP~l2.5,18X.IPFPi.5 ,3X.PWFI.5) A153fl
IF(NKV-NCPV) 223PP27.225 A1'54n

223 KLLLL=KLLL+1 A1553n
WRITE(6#224) (TCPV(L)pCPV(L)t.=iKLLLL#NCPV) A156n

224 FORMAT(48X. 1PFl?.5#3X, lPF¶2.5) A157n
GO TO 227 Al"8fl

225 KL.LLL=KLLL+l A1S9fl
WPITE(6p226) (TKV(L).XKV(L)#L=KLLLLPNKV) AIGOO

226 FORMAT(2xplPE12*5,'4X. PE1P*5) Al161
227 wRITE(6#228) A1620
228 FORMAT(//33XI4HCHAR NIATFRIAL/2flX,7HTHERMALPeSXP,SHSPFCTFTC/3Y,1¶H A1630

ITFMPERATURE.ISX.I2HCONDUCTTVITY.IqX,11HTEMPERATURV,7X.LtHHEAT) A1640
KLLL=MIN0 (NKCNCPC) A165n
wRITE(6,222) (TKC(L).XKC(L),TrPC(L),CPC(L),L=IKLLL) A166n
IF(NKC-NCPC) 230.235.232 Alf%7n

230 KLLLL=KLLL.1 AIGRO
wRITE(6p224) (TCPC(L)PCPc(L)#L=KLLLLPNCPC) A169M
GO TO 235 A1700
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232 KtLLL=KLLI +1 Win1
wRITE(6p2P6) (TKC(L).YKC(l,)vL=KEILLvNKC) 417;20

235 wRITE(6v2~40) 41730
240 FORMAT(//28X,P3I-1liRFACE RrCFScI0N TABLE//25yp11HTFMPFPATliREPAYPIIH 4174n

liSP - TN/SFC) A1750

wPITE(6,e~t5) (TS(T) pSPCT)pI~lNRFC) 41760
245 FORMAT(24Yt1PF1P.5t7Xt1PF12.5) 41770

C Aj780
C PROPEPTTIEq OF TRAJECTORY A174n

.300 RFAD(v5,3o00) (TT1LE(L)PL~lvlp) ln
TFCTITLE(1).F0.PRVOll) r-O TO uoO AlMAi
HFAD(9vl000) (HFAflN(,i(L),lfz1,12) A1A2n
RFAD(r',3004) MTRAPT A41.In
RFAD(9,0¶O0) (TTMF(K),~OCN!(K),QRAfl(K),VFL(K).l<=2.NTPAPT) AjI140
wPITE(6#300P) (HEAON(;(L),.g1,12) AlA50
wPITE(69,510) M\TPAPT A1P6n

310 PORMATCIHO,27H N'O. OF TRAJECTORY POTNTS =P114) A187n
wRITE(6t3P0) A1R88

320 FORMAT(//PX,4i-TTMFPPXIPu12R CONVEcTIVEp4X.I1HQ R~nTATl~fEp7YPAH\/FE.OC 4Al90
1 TTY) A19100
w~P1TEC6,t530) (TIMF(KIQCONI(K),QRPflCK),VFL-(K).K=1.NTRAPT) 41910

330 FORMAT(1H4EIf,.5) A9)
C A4130
C pPOPERTTEq OF BACK-tUp STRUICTURE 41940

400 PFAD(0;t3UOO) (TITLE(L)PL=1021 A1~95n

TF(TjTLF1l).FO.PRVOl.N) GO TO !;00 41960
wPITE(6,41 0) 4197n

410 FOtRMATC//1OYe~lH PROPrRTTFS OF PACKUP STPUICTURPE/) 18
WFAfl(R.U07) NIMP.NPRc,f3L 41990
kFAfl(',002) (XNpM(K)PK~i#NMR) 42000
WFAD(r5u4lF) (NKPB(I) .NCPH-(I)#,T1,N~MS) W2i1

4.15 FOHMAT(IOT5) A2020
n0 42n K~1 ,Nm' 42030
NPM(K)=YNPM(K)+0.0O00nnf2 42()4n

490 CONTINUE 52n5n
wPITE(6p4;25) NIMP,NPPr,#Bt 4206M

495 FORMAT(/4Y#35H-NO. OF mATFPIALS; IN BACK-UP SHIEtfLn=1I4/4Y.40H-TOT~j_ 42070
INIIN1REP OF NODrS IN PArK-1IP SHTElp~t1I4/4Y#2AHTHTCKNFS0S OF BACK-UlP A20An
2qHIFLfl. IPE12.5//) 42090

RL=BL/12 .0 A2100
00 440 I=IoNMR 42210n
LK=NKPB (1) 42120
t CP=NCPR T) A213n
RFAD(qp3ii00) ( CXlnNTCKeTfleKI,12) 42140
RFAD(9t3(,02) ( (TXK(JPT) eXK(JPT) ) J=IPLK) 42150
RFADCSt31j2) ((TCP(J.T)pCPX(JvI))tJ~1eLCP) 42160
wPITEC6#4.12) (XIDNT(K*I).K=1,12) 42170

432 PORMAT(//12A6) A218M
wPITE(6#,133) 42190

433 FORMATC//20X.7HTHFRMAL,3VRoHlPFrTFTC/3X.11HTFMPFRATIIRE,4yti.tJCONJO 42P00
ItiCTTVTTY,19X,1 1HTFMPFPATiPE,7Xp4I4HEAT) 42:)10

KLLL=MINO(LK~t CR) 42220
no 43u~ N=IPKL1L 42230
wPITE(6t2P2) CTXKCNtT)PYK(NPI'PeTcP(NI)PCPX(N.I)) 42240

4354 CONTINUE 42250
IF(LK-LCP) 436;P440pL&V 42260

435 KLLLL=KLLI+l 42270
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nfl 436~ N=KLLLILLCP A2280
wPITE(6o2P4) (TCP(N#r) ,CPY(NT)) A2?9fl

4.16 CONTINIUE A230n
GO TO 44o A231fl

437 kL.LLL=KLLL+l A232fl
nO 43A N=KLLLI-FLK A2'53f
wRITE(69296) (TXK(NvT) ,XK(NpI)) A214n

418 CONTINUE A235n
44U0 CONTINUE A236fl

RFAD(qp3onf2) (RHORX(L),XRM(L).EMFPIL),EMRA(L)oL=INMR) A217fl
RFAD(5p3cfl2) (H(J),n(APX(J) ,FTES;T(J) ,BTFST(J) ,J~t.NMP) A218fl
wPITE(6p4r0)O 2n

4S0 FORMAT(///55x, 10HFMTSqlVTTY/B'PAHMATEPIAL,5X.7Hr)FNSITTV7Xp9HTH-ICI<N A2L4nn
lP~7oHRNpX4HC~7PUNDSMTPA/ A241nl
no £46n LLJ=loNMP A24P0
wPITE(6#455) LLUPHOnY((tL.J),XPM(LL-LJ),FMFn(LLJ),FmPB(LL-J).YNPM(Lt.j) A2'43M

41;5 FORMAT(11X.1I1 P8X,1PFlO.u.4X@IPFIO.4e£4XIPEIO.L&,4XPF1Ol.4.6XIPFI A2L4L4f
10.4/) A245n

46~0 CONTINUE A246fl
wRITE(6t465) A247fl

46'5 FnRMAT(//LuXeF~HAoflITTONAI DATA FOP INr)IVyPUAL MATFRIAlS TN RAMKP A248n
1cTRt)CTURE//1U'edAHMATFRlA, ,5XI6HFILM rOFFEIC1FNT,'5X,1-iH(AP THTCXKNE A2L&Qn
qSSX ,5HFTEST, 13Xv5HHTEc;Tl A 29.;nn
n0 46n Jz1,NMQ A251 0
wRITE(6#470) do H(JPGAPY(J)PFTFST(~J)PRTFST(J) A2rj;fl

470 PORMAT(1jXp1lTl,2P1PPF~fl.Li9X,1PFIO.4,7X.1PF11 .4,7XIPE1¶ .4/) A2153M
'4P0 CONTINUE A25'4n

C 425~fi
c PPOPERTIESý OF ENIVIRONMENTA26

500 RFAD(5e#Ufi0) (TITLE(L) ,L=I 12) A257fl
TF(TlTLF(1).F0.PRVOlIS) Son TO 600 A258n
RFAD(r,p3nl)0) (HEAnNG(L) ,t=1,12) A2,.gqn
PFAD(9;,3unf2) TENVPHFNVFFNVPQI OS'; A26nn
wPITE(6p3n0S) (HFADN(;(L) ,L,1.¶2) A26fln
w0ITE(6p5P0) TENIVPHFNVoFFNVPQLOSCS A26P2f

520 F0RMAT(/4Y,1pHTFMPERATUPFr.1PFI2.r,4X,17HrIL.M COFFFICTENTroIPFIP.5 A26'if
1.4XIPHV1FW FACT0RPlPEJ2.5p4y#7H0 LOST=.1PF12.5) A264nf

C A265n
C INITIAL TFMPEPATtjPE OISTRTBIITTON A266fl

600 RFAfl(9,34J0) (TITLE(L) .L.= .12) A267fl
TF(TITLE(l).Fn.PRVO(US) CoC TO 700 A268fl
PFAD(sip0lon) (HFAflNG(L)PL~1,Pl) A2f,9f
NPF=NP+NPPS A270n
TL=VL+BL A271M
XNP=NP A27pn
nX=VL/(CXi'jP-l *n) A273n
o)X XDX A274n
PFAfl('q,3.02) TESTPPTFMPI.TXO A275fl
TF(TP;T2) bloP620P62n A276fl

610 RFADC';t30nf2) (TEmflI(K~vXK1.NPF3 A27ýn
n)o 61S K=IPNPP A27gn
TXI (K)=TEMDI (K) A279fl
TYP(K1=Tx1 (K) A2Ron
TtiLI(K)=TX1(KI A281 0
T(IL2(K)=TIX(K) A2R20n

bib rONTINUE A283n
1,-NP+i A284n
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00 619 TzINmP *2A50
SN=NPM CI) *2860
flo 617 J=IPLN *2A70
TY2T(J. I )TFmflI L) *288n
I=L+1 A2S9n

617 CONTINUF *2900
619 CONTINUF A291M

GO TO 625 A292n
620 CALL TEmPO *293n
6P5 wPITEC6t3O08) (HEAONGi(L).l=102) *294n

TF(TEc;T2) 63O,635#64n A2950
610 wPITE(6#612) A296n
632 FORMAT(4x#52HTEMPERATIIRE nISTPI~ijTION IN HEAT SHIELD TSr APBRITARY/ A297n

1) *2980
wPITE(6pbl3) (TEmni(KhI(1.pNPF) A2Q90

633 FORMATC1PPE12.5) *3000
GO TO 64b A301M

b315 wPITE(6ub37) TEMPT *3020
637 FORMATC//4Xe6LiHTEMPFRATUPF DTISTPTPUTION TN HEAT qHIFLr) Iq UNIFORM A3030n

IANr) EOUAL TO P1PEIO.L&/) *3040
G~O TO 645 *30.50

6U0 wPITE(6#641) A306n
bL41 F-ORMAT(L4X,54H, INEAR TEMPFRATUPE DISTRIBUIJTON AS5,1MED TN HFAT ,HIFL *3070

In/) A3nan
wPITEC6,f,33) CTEMnI(L)pLIvNPF) *3090

6L45 IFCOMP) 7not7nOt646 *3100
6u±6 wRITE(6t647) A3110
647 FORMAT(//) A3120
648 wPITE(6t649) (TX1(L),TX2CIl)pL~lpNPF) *3130
6U9 FORMAT(?XplPFI2eS,4y, 1PFl>.5) *3140

wPITE(6vbrW) A315n
695O FORMAT(//) A316M

c *3170
C FNTHALPY AS A FUNCTION OF TFMPERATUPE A3180

700 RFAnDc5,3tl00) (TITLE(L)vLI,1t2) *319n
TF(TITLE(1).E0.PRVOtJS;) Go TO 72!i *3200
RFADC9;p3004) NHP *3210
RFAD~cS,3002) (HX(K) ,TW(K) ,K1,NHP) *3P22

725 no 728 =INP *3230
TP(I)0O *324n
TPI (I1=0 *3250
TP2 (I)= :0 3260
TFM CI) =0 *3P70
YMDG CT)=O.O A 3280

7P8 CONTINUF *3290
wP ITEC(6p 7',0) *3300n

730 FORMAT(1HI ,12HO(ITPUT nATA.//) *3310
xC (1)=0.*0 *3320n
D0 740 I=PPNP A3330
XC (I) =XC C -1) +DX *3340

740 CONTINUF *3350
750O TF(T-TIMECNK)) 765,770,760 A3360
760 NK=NK+l *3370

TF(NK-NTkAPT) 75o,75nt762 A33R0n
762 wPITEC6p763) NIK *3590
763 FORMAT(lHn,33H- THE VALUE OF NK Ic IN ERROR, NK=P114) *3400

GO TO 905 A341n



765 TF(NK-2) 762,766.766 A349n
766b aCONX=QCONCNK-1)+((OCON(Nc)-rONcNK-1))/(TIME(NI')-TTMF(NK-1))) A3L430

1*(T-TTMF(NK-1)) A34L4f
oCONX=FCONV*QCONX A34r.In
oPAflX=QRAfCNK-1)+((ORAD(NKd-QRAfl(NK'-1))/(TIMF(NK)-TIMF(NK-1))) A34A0
1*(T-TTMF(NK-11) A347n
()PADX=FRAn*ORADX A348M
vFX\E(I-)(VLN)VL(K1)(IFN)TM(K1) A349n
1*(T-TTMF(NK-11) 3 3r.)o
C.O TO 775 A351 0

770 oCONX=FCOMV*orON (NK) 435i2n
(3RADX=FRAfl*QRAD(NK) A353fl
vFLX=VEL (NK) 34

C A3~59n
C COMPUTE HFAT PLOCKAGF AT FRONT StjPFACF A 39;6

775 TF(117-1.) 778,778076i A39;7n
776 TF(117-NHP) 777o777#778 A398fl
777 TF(TXP(TNT)-TW(I17)) 782.788.780 A3~90q
778 wPITEA6#779) TXP(TNT) A36nm
779 FORMAT(Ilflo8i)H THF RANGF OF THE FNTHALPY-TEMPFRATURF CURVF FIT WAS A361.0

IFXCFEEDE AT A TFMPERATUPF OF~lEln.4) A36:fl
60 TO 901ý A3(73n

7P0 T17I1¶7+1 A3640
c.O TO 77t, A365n

7A2 TF(TXP(lNT)-TW(I17-1)) 7Aapi7SPp7A6 A366n
7A4 T17=11.7-1 A367n

GO TO 775 A368M
7P6 HW=HX(117-1'3+( (HX(117)-HX(II7-1))/(TW(II7)-TW(117-1))) A36,9f

1*(TX2(IN1 )-Tw(117-lfl A37nn
(GO TO 7A9 A371n

7A8 HW=HX(117) A372fl
7A9 H-TX=Iiiof+((VFt X**P)/'SnO96.5) A373fl

oPLOCKc=(F8LOw*XN4OCINT)*(HTX-HW) )/360n.O A37h0
C A3750
C COMPUTE HFAT IN DUJE TO cijPFACF COMBUISTION A376n

XMDO=XMOC A 3770
CALL OXIDAT(XMDOoOOXyfl) A37sn

C A379n
C COMPUTE G-HOT WALL 3A38no

TF(TOMP.EO.0.) Go TO utioo A381fl
TFCT.AE.TflMP) DmP=1.n A382n

4001 7=(HTY(-Hw)/(HTX-H300) A383n
TF(Z-t.0) 79o#792#793 A38L&0

700 IF(Z 791#791,7q3 A385fl
791 (nHw~o.o A3S6n

c,0 TO 1790 A3A7n
7q2 QHW=QC'ONX A3P88

Go TO 179n A389fl
793 cQRW=Z*QCONIX A3900

1790 77Z C 9HW-QI3LorK) /OHW A391o
TF(ZZ7-O.P) 179SP17QA,179L4 A39p0

17Q8 oPLOCK=O.A*OHW A393n
C A3Qa~0
C NFT HPAT INTO FPONT qlIRFArE A395n
17P4 IF(!Em(INT)) 795p795,797 A396n
795 TF(TXýý(INT)-TCHAR) 7QA.,7QFA797 A397n
796 FMX=EMV A398n



GO TO 798 £3990
797 YFM(INT)=tA1ln

FMX=EMC Win1
7Q8 OIN=RADX+QHW+GOXIO-O9L0CK-(4.8333E-13)*FMX*FV*((TX2(TNT)**4)- A4020

1 (TV**14)) £403n
IF(DMP) an4.804p8n0 Wi404

800 wPITEi6#801) £4050
801 FOkMAT(///) £14060

wRITE (6bnb2) OCONYORADX.VELXPHTYHW. ?,§RLOCK.QlwQHPOXTDOTON £4070
802 FOHMAT(2X,6HoONX=e1PFlP.5e2Xp6HQRADX=e1PFl2.5,2X,5HVFLX!.1PF12.rpi £4080

12X,L4HHTX=,1PE1 2,5,2X,3HHw=. 1PF12.5/1X,2H.7=,IPFl?.5.2x.7HQRLOCK= i P A4090
2F12.5t2XL4HGHW=91PEI 2.5, .p6HOOXTfl=,PEIP.5p2YLUHOIN=, IPF12.5/) Wo10

804 OTN=QTN*3600.n £4 110n
C A'412M
C CHECK FOH FRON~T SIJRFACE PFCEc;rION (CHAR LAYFR RFMOVAL) A4130

CALL RECESS(XMDC.XLOSTTRFCDTPHOCPTSSRTX2C1) ,NRFCNRSERR~rSYn £4140
1.F;DOTPDMP) £14150
TF(FRR5) A050#80Sfl~ilS £4 160

8050 Vt V=VLV-XI.OST £14170
Xl STV=XLSTV+Xt OST A4190
xi STI=XLS.'TV*lP9O £4190
flXV=VLV/(XNP-¶ .0) 14P On
)W (1) =O * 0 £4210
no 17A0 1=2PNP £4220
Xv CI) XV (Y-1 *DXV £14230

17R0 rONTINUF £14240
nY=DXV £4250
TFCERR4) 906.P06#A05 £4260

805 (;0 TO 90h £4270
806 CALL COFFFCNPPTPSnOT) £4260

TF(DMP) 8n69PP069,8061 A4290
8061 wPITEC6,806?) £4A00
80F62 FORMATC/lX,23H COEFFICIFNTS FOR qWUFT/) £4310

nlo 8066 I=1,NPFT W4120
WRITE(6p8n64) AC!) .8(1) CCI) .D(l).! A4330n

8064 FORMATC1Hn,5HACI)=.PIFI2.5,2PX,5RRC!),1PPF2.5,2X.5HCCI)=. IPFI2.5.2 A4A4n
1Xp5HDC1)=PIPF12*5p2X.2HT=PI3) £4350M

8066 CONTINUE £4360
8069 TF(ERR2) A07#A07sA0S £4370
807 TFCERR3) A10.n10.606 £4380
8n8 wPITE(6p8n9) TKK £14390
809 PORMATCI.Hno.19 THF VAL.UE OF IKK=,114) £4400

so TO 905 A441n
810 CALL qWUFT(APRPC.OTYPNPFTPDMP) £44P20
8P7 no 82A 11.PNP £41430

TX1 (1 )TX2 CI) £4440
TX2 (I) :TY (I) £4450

8P8 CONTINUE £4460
CALL flON2 CXLO'TXVTX2.NPXCTX2CXDVKK~iXLSTV~flXX) £14470

830 CALL ABLATE £4480
XMDT=YmnG CINT +XMflC £4490
ST=NP+l £14S00
no 1815 I=1.NmB *4%10
I-LT=NPM (I) £4520n
TF(I.FQ.1) Go TO 1812 £4530
TF(GAPX(I-I).FQ.0.) Go0 To 1812 £45)40
KKT~l £4550
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GO To 1813 A4!56n
1812 KKT=2 A4570
1813 n)O 1815 J=KKTPLLT A45811

TY2TC(,itI )=TYQ-T) A459n
iJ =LT~l A4#;nn

1815 CONTINUF A'461nf
n0 1819 1=1,NMB A46pn
TF(I.FQ.1) Go TO 1816 *463n
TF(GAPXCL-1).Fii.f.) G~O To 1817 A46L&0
cO To 1819 A46fin

1816 TX2TC¶.1)=TY(NP) AL466n
GO To 1819 A4670

1817 g.X=NPM(T-¶) A468M
TX(2T(IPT)=TX2TCLXpI-1) *A46n

1819 CONTINUF A4700
I m=NP+1 A471M
no 831 T1,vNMP A47211
L.7=NIPM (CT) A47.30
n0 831 J=IPL7 *4740
TY2(LM)=rX2T(j, I) A475n
iM=Lm+l A476n

8.13 CONTINUE 541770

no 5814 1=2pNPTT A47A0
TF(T-TTAtbLE(Tf 5A39i,583!%,583L4 A4790

5815 nTS=DFLTI'(I-Ii A 4800
TPRCT=IPHrCI-1) *54A10
nT=DELTT CT-i) /3600.*0 *4820
GO TO 5A36 *4830

5814 CONTINUE A4A40
nT(S=UFLT1 CNPTT) *4850

TPRC1T=IPNC CNPTT) A486n
nT=DEITT(CNPTT)/36n00 * A 4A70

5836 TCT=ICT+l A4880
5838 vI-TrM=SAVY3 A4A90

CALL TSOTHMCXVTXPP1060. ,NP.CAVFTT) A4900
qAVFIT=SAVEIT+XLSTV *4910
TE (SAVY3.L.T.SAVFIT)qAVY3='AVFTT A4920
TFCVLTEM.FQ.SAVY3)GO TO AA9 A4q930
S;AVX=T A 4940
qAVYI=XLSTI *4950
qAVY2=TX2 (NP) A4960
CALL. TSO1HMCXý/,TXP,1O6..NlPrAVY&) A497n

8319 RI TFM=SAVY4X *4980
CALL TSOI*HMCXk/.TX2!tL46O..NlPWFKFFP) A'4q99
wFKFEP=WEKEFP+XLSTV *50nn
TFCSAIY4X .LT.wqEKEFP)c;AVy~y=WFKEFP A5010
TF(8LTEMoFQ.qAVY4YC)Go TO A38 *5020
qAVFXXVT *5030
'qAVYIX=XLSTI A5040
qAVY2Y=TXPCNP) Asoncj
CALL TSOTI4MCXV#TX~pln60.oMPtSAVY3X) A506n

838 CONTINUE A5070
TF(IPRCT-TCT) 835P835,840 *5080

8'15 wPITEC69817) ToQCONX,OR*0iYVFVIXP,(MD,(TNT)pXmDr.XMnTXLSTTQHw A509Ml
837 FORMATC1H0v5HTIMF~, *5100

I IPF12.5,2X,12H4OCONVFCTTVE=.1PFl2.5.2XPIIHORADTAT *5110
ITVF=,1PE12.5.lX,9HVFLOCITY=PIPE12.5/1Y,1I-IGAS APLATION RATE=,¶PFIP A51211
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2.SrPX,19HCHAR ABLATION PATE=.IPF12.5ePXPPOHTOTAL ABLATION RATF~tlP A513fl
3FI2.5/lXP16HRrCFSSION OFPTH~p3PFIP.5vPX, 0H(QH0T wALL=#1PF12.51 A51~4n

8'40 T=T+DTS A5150
841 TF(NPLOT.NEt) Go TO A42 A5160

CALL qAVE(ASAVE1,ASAVF2 ' ACAVF3,UqFAPNYAXLSTT.DTSTLTmeTVALJFA) A517n
CALL rAEBAIE ,fltqV~tl,~NBPY(PPTSTI.IMTPVAL-UFB) A5IRO
CALL ISOTH-M(XV#TXPP1fl6O.#NPtY3) A5190
CALL qAVE(CSAVIE1,CSAVF2,CSqAVF3,LJrFCNYCvY~pDTqTLIMpT,VALUJEC) A52n0
CALL ISOTHM(XVvTxP,1460.vlPvYL4) A52in
CALL SAVE(DSAVE1,flSAVF2,flSAVF3,USqFDNXDeYL4,fTqtTLTMTVALU)Ef) A52:fl

TF(USFANFO.fl)CO TO q84~2 A523n
YF(kUSFB.NP.O.n)Go TO 9842 A5P24n

TF(LJSFC.NF.O.n)GO TO 984P A52.5n

TF(UISFDNF.O.fl)GO TO 9842 A526fl
GO TO 9843 ASP7fl

98U2 YPLOT=T-OTS ASP8M
YPLOIlt=VAI-UFA A5Pqfl
iF (USFA.NF.O.0 )YPLOTl=Uý,A Wn
YPLOTP=VALUER A53in
TF (USFB.NF.O.nA)YPLOT=USFFP A53Pn
vPLOTI=VALUEC A51i3M
TF(tJSFC.NF.o.n))YPLOT3=USET A54Wf
YPLOTu=VALUFn A5irin
TF (USFD.NF.O.n)YPLOT4=USFrn A5360
wPITE (11)XPLOTPYPLOTIPYPI 0T2.YPI 0T3,YPLOT4 A5370

98u3 TF(ICTP.NF.O) 6O TO 842 A53Rfl
T CTP=t1 A539M
XPLOT=T A5i400
YPLOTI=YLSTI A5a&1t
YPLOTP=TX? (NP) A542fl
CALL TSOTHM(XVPTX2#1a60. .NPvYPLOT3) A5~43f
CALL ISOTHM(XVtTXP,1460~. .t'PpYPLOT'4) A5i44n
wPITE (1I)XPLOTYPLOTIPYPLOT2,YPLOT3.YPLoT4 A5I4fl

8U2 IF(IPRCT-TCT) 8L45p8(4SP9Of A5'46fl
8i45 wRITE(6p8!SO) T A547M

TF'CT=TPCT+l A5L48n
TF(IPCT.EzO*2) TPCT=O A5I49f
TF(IPCT.Eo.O) TCTP=O A550n

85~0 FORMAT(1Hnfl,7HTEmPERAT(JPF DISTRIRUýTION IN HFA1' SHIELD AT THF FNI) 0 A55in
IF THE TIMF STFPP T= *1PEiP*SplXp7HSFC0NDS//) A55;2f

wPITE(6.860) A553M
860 FORMAT(L4X,49HTEMPFRAT(IRF flISTRI~liTION IN THF ABLATING MATERIAL/I) A554n

KKV=KKV+l A55'5n
wPITE(6t862) (Ty2C(T)I=,11KKVl A556nf

862 FORMAT(6X,1P~t2*5tIP'SFI6.%; A557n
TJ=NP+l A55a0
wPITE(6,864) A559fl

864 PORMAT(//4XL4OHTEMPFPATLJPF DTSTRTSUTION TN THr PACK-UP STRUCT[IRE// A56nn
1) A56 10
wPITE(6o8F,2) (TX2(I).TTIJPNPF) A5E62f
wPITE(6t865) A563M

865 FORMAT(//) A564nf
TCT~o A56'5f

900 CONTINUE A566fl
TF(T-TLIM) 7ý,fl,75O.9nl A567n

905 TF(NPLOT.NE.1) GO TO Q09 A568nf
XAVY3=SAVY3-SAVYI/12. A569n



XAVY4W=SAVY4X-SAVYIX, 12. A5700n
IF(SAVX.EG.XPLOT)GO TO 9005 A57 10
wPITE(1I)SAVX.SAVYlegAVY21 XAVY3e'qAVY4 *5720

9005 TF(SAVEXX.EG.YPLOT)GO TO 9006 A573M
rAV41=SAVY4X*1 2. A57fi0

9006 cqAV3I=SAVY3*12. A575M
wRITE.(11)5AVEYXSAVY1XSAVY2XSAvY3XXAVY4X A57140
wRITE (6v9P9)SAV3I ,SAvUI A577M

9P9 FORMATC1Hnt23H.MAXTMUm 10An ISOTHFRM =E16.SPX23HMAXIMIJM 1460 MSOTH A578n
IFRM =F16.A) A579n
wRITE (11)ST0P#STOPPTOPPSTOPtSTOP A5A00

909 TF(LPLOT.NE.NrASE)GO TO 911 A58 10
DATA FND/AH END / A582M
wPITE(lI )FND,FND.FNn.FNn.FNOFNn,END.FND.ENnoFND.ENDFNn A5P.30
al)IT=A888. A581&0
wPITE(11 )QUITQUITOilJTTOIITOUTT A5A5n
END FILE 11 A5A66
RFWINfl 11 A5A7n

911 TF(TEST2) 910o930F930 A588O
910 no 920 JJK:1.NPF A5R9ft

TX1 (JJK)=TEMDT (jJK) A5900
TY2(JJK ) TX1 (JJK) A59in
T(ILI(K)=TXI(K) A5920
TtIL2(K )=TX1 (K) A593n

920 CONTINUE A 5940
TI =NP+l A595M
n0 926 I=1,NMR A5960
Tt..N:NPM( I) *597n
no 924 J~lPILN A598n
Tx2T(J.I )=TEmfI(IL) A5990
TI =IL+l A6000

9P4 CONTINUE A60.10
9P6 CONTINUE A602n

GO TO 940 A6030
910 CALL TEMPD A604n
94~0 T=T!NT A6O09

nX~nXY A6060
nTS=DFLTT (1) A6070
n)T=DELTT (1)/360O.0 A608n
vi. V=VL A6090
cO TO 50 A610
END A61t0
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SIBFTC COEF 80000
C THIS SUBROUTINE DETERMINES THE COEFFICIENTS OF THE MATRIX 80010

SUBROUT INE COEFF (NPFT, SDOT) 80020
C B0030

DIMENSION TITLE(12)PHEADNG(12)pXIDNT(12,12)tTKC(20),XKC(20)e B0040
1CPC(20) FTKVC2O) uXKV(20) eTCPVC20) PCPV(2O) .TIMEC300) PGCONC300), B0050
2QRAD(300)eVEL(300)PXNPM(12).eNKPB(12)PNCPB(12)pTXK(20p12)PXK(20112) B0060
3#TCP(20tl2)PCPX(20#12)PRHOBX(12)PXBM(12)FEMFB(12)PEMBB(12)#HXX(12) 80070
'4,GAPX(12)PFTEST(12)PBTEST(12)hTEMDI(200)PTX1(200)hTX2(200), 80080
5TX2T(10,12) ,TUL1(200),TUL2(200),HXC50) ,TW(50).IR(50).IRIC50), 80090
61R2(50)PTUL(50)PIEM(50)PTY(200)PA(200)PB(200)oC(200)PDC200)p B0100
7R(50),RHO(50)PCP(50)tDXB(12)PXKB(lOP12)hCPBC10e12),XMDG(50). B0110
8YK(50) tAB(10e12)PBBl(10,12) .CBC1Oe12) .DB-(10P12) iSB(l0.12) p 80120
9RB1(10P12),RB2(10P12)pH(12)P5C50)PNPM(12) 80130
DIMENSION TTUL(5OhPRHOY1(50)tRHOY2(50bPDRHO(50),TCPCC2O) 80140

C 80150
COMMON TKCXKCPTCPCpCPCpTKVXKVPTCPVPCPVPXNPMRHOBXPXBMPEMB8, B0160
1EMFBPNKPBPNCPBPTXKpXKPTCPPCPXPNPMtGAPXFTEST,8TESTPTEMDI eTX1p B 0170
2TX2,TX2TTULPTULlTUL2e IRIRl,1R2,ABCD.SRAB,8BC8,DB,58, 80180
3RBlRB2,TYPRHOY1,RHOY2,XMDGRHOCPPYKPXKB.CPB.DXBDTXLOST, 80190
'4TABLPTCHARPTRECPRHOVPRHOCeFBLOWPEMVeEMCPH300,NKCPNCPCPNKVpNCPV, 80200
5NP.NMBPNPBSNPFtTEST2pTEMPIpTXOpTENVPeHENViFENVPQLOSSTLIMTINT 80210
COMMON Il,12pl3'I4pI5eI6pQINpINTPDXPXMTPTL.VLpBLPDMPPERRlpERR2p 80220
1ERR3,ERR4,HVVPTCHARKPCHARCAE3LKPABLCXMDCH BO-230

C B0240
CALL PROP 80250
YNP=NP 80260
S(INT)=(RHO(INT)*DX*CP(INT) )/C2.0*DT) 80270
R(INT)=(1.0)/( (UX/2.0)*( (1.O/YK(INT) )+C1.O/YK(INT+1)))) B0280
A(INT)=0.0 B0290
BCIN4T)=(-C (XMDG(INT)+XMOC)*CP(INT)+S(INT)+R(INT)-RHO(INT)*CP(INT) 80300
1*CSDOT/(2.0*(YNP-1.0) ) ))) B0310
CC INT)=XMDG(INT+1)*CP(INT+1)+RCINT)+RHO(INT+1)*CP(INT+1)*SDOT 80320

1*( (YNP-1.5)/(YNP-1.0)) 80330
D(INT)=(-(QIN+S(INT)*TX2(INT))) +(XMDGCINT)-XMDG(INT+1))*HV 80340
NPP=NP-1 B0350
JNT=INT+l 80360
DO 10 I=JNTPNPP 80370
X11I 80380
S(I)=(RHOCI)*OX*CPCI) )/DT 80390
R(I)=(1.0)/C (DX/(2.O*YK(I) ))+(DX/(2.0*YK(Ii-1)))) 80400
A(I)=R(I-1) 80410
B(I)=(-(XMDG(I)*CP(I)+R(1-1)+R(I)+SCI)+ RHO(I)*CP(I)*SDOT*( (YNP-XI 80420

1-0.5)/(YN4P-1.0)))) 80430
C(I)=XMDG(I+1)*CPC I+1)+R(I)+RHO(I+1)*CP(I+1)*SDOT*(UYNP-XI-005) 80440
1/(YNP-1.0)) 80450
D(I)=(-CS(I)*TX2(I))) +(XMDG(I)-XMDG(I+1) )*HV 80460

10 CONTINUE 80470
R(NP)=C1.O)/C (DXB(1) /C2.0*XKB(1e1) ))+CDXB(l) /(2.0*XKB(2e1)))) 80480
S(NP)=(RHO(NP)*DX*CP(NP)+RHOBXC1)* CPB(lpl)*DXB(l) )/(2.0*DT) 80490
A(CNP)=R(CNP-i) 80500
B(NP)C(-(XMDG(NP)*CPCNP)+R(NP-1)+R(NP)+S(NP))) 80510
CCNP)=RCNP) 80520
D(NP)C(-S(NP)*TX2(NP)) +XMDG(NP)*HV 80530
DO 200 I=1eNMB 80540
IFCI-1) 20v20,30 80550

20 ABClpI)=A(NP) 80560
BB(ltI)=BCNP) 80570
CB(1#I)=CCNP) 80580
DB(1l I )D(NP) 80590
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GO TO 65 80600
30 L=NPM( I-1) B0610

IF(FTESTCI)) 45P40#45 B0620
'40 SB(1,I)=(RHOBX(I)*CP8C1,I)*DX8(I)+RHOBX(I-1)*CPBCLI-1)*DXB(I-i) )/ B0630

1(2.0*DT) 80640
R81C1,I)=(1.0)/C(DXB(I-1)/(2.0*XKB(LI-1)) )+(DXBCI-1)/(2.0*XKBCL-1 B0650

1.1-))))B0660
RB2(lI)=(l.0)/( (DXBCI)/(2.0*XK8(1II )))+CDX8CI)/(2.0*XK8(2e1)))) 80670
AB(1uI)=RB1(1,I) B0680
BB(1.I)=(-(RB1(lI)+RB2(lI)+SB(1.PI))) B0690
CBC1,I)=RB2(1#I) B0700

GO TO 65 B0720
45 IF(FTEST(Il) 50P40P55 B0730
50 G=(1.73E-09)/(1.0/EMBB(I-1)+1.O/EMF8(I)-1.0) 80740

GO TO 60 B0750
55 G=0.0 80760
60 S8(1,I)=(RHOBX(I)*CPB(lI)*DXB(I) )/(2.0*DT) 80770

R82(1pl)C(1.0)/( (DXBCI)/(290*XKB(1v I)) )+(DXBCI)/(2.O*XKB(2e1) ) ) 80780
AB(1Il)=H(1-1)+4.0*G*(TX2T(LI-1)**3) 80790
BB(lI)=(-(H(1-1)+4.0*G*CTX2T(1,I )**3).RB2(1,I)+SB(II))) 80800
CB~le I)RB2(1.I)' 80810
OBC1,I)=3.0*G*( (TX2T(LI-1)**4)-(TX2T(1,I)**4))-S8C1,I)*TX2T(1,I) 80820

65 LF=NPMCI)-l 80830
DO 100 J=2.LF 80840
S8C.J.I)C(RHOBX(I)*CP8(JPI)*DXBCI) )/DT B0850
RB1(.J.I)=(1.0)/( C0XBCI)/C2.0*XKB(J-lr1I)) )+(DXB(I)/(2.0*XK8(JIl))) 80860
R82(JI)=(1.0)/( (DXB(I)/(2.0*XKBCJ+lI) ))+(DXB(I)/(2.0*XK8(JI)))) 80870
AB(JPI)=RB1CJI) 80880
B8(JeI)C(-(RB1(JI)+RB2(.JI)+SB(JI))) B0890
CB(J#I)=R82(.JPI) 80900
OB(JI)=(-CSB(.Jtl)*TX2T(J#Ifl) 80910

100 CONTINUE B0920
IFCI-NMB) 110#250.250 60930

110 LNF=NPM(I) 80940
IFCBTEST(I) 120P115#120 80950

115 SBCLNF. I.)CRHOBXCI)*CPB(LNFI)*DXBCI)+RHOBX(I+1)*CPB(1,I+1)*DXBCI+ 80960
11) )/(2.0*DT) 80970
RB1(LNFPI)=(1.0)/( (DXB(I)/C2.0*XKB(LNF-lI)) )+CDXBCI)/(2.0*XKB(LNF 80980
1.!))) 80990
RB2CLNFI)=(1.0)/( (DXEI(I+1)/(2.0*XKB(1,I+1) ))+(DXBCI+1)/ 81000
1(2.0*XK8(2pI+1)))) 81010
A8CLNFe I)=RB1(LNFuI) 81020
BB(LNFPI)=(-(RB1CLNFI)+RB2(LNFI)+SB(LNFPI))) 81030
CB(LNF. I)=RB2(LNF.I) 81040
DB(LNFPI)=(-(SB(LNFI)*TX2T(LNFI))) 81050
GO TO 200 B1060

120 IFCBTESTCI) 125.115#127 81070
125 G=(1.73E-09)/(1.0/EMBB(I)+1.0/EMFB(I+1)-1.0) 81080

GO TO 130 81090
127 G=0.0 81100
130 SB(LNFI)=CRH08X(I)*CPB(LNFI)*DX8(I) )/C2.0*DT) 81110

RB1(LNFPI)=(1.0)/( CDXBCI)/(2.0*XKBCI.NF-1,I)))+(DXB(I)/C2.0*XKB(LNF 81120
IPI))) 81130
ABCLNF, I)=RB1(LNF#I) 81140
BB(LNFI)=(-(RB1(LNFI)+HCI)+SB(LNFI)+4.0*G*(TX2T(LNFeI)**3))) 81150
C8CLNF.I)=H(I)+4.0*G*(TX2T(1,I+1)**3) 81160
D8CLNFI)=3.0*G*((TX2TC1Il+1)**4)-(TX2TCLNFI)**'4))-SBCLNFI)*TX2T 81170
1(LNFPI) 81180

200 CONTINUE 81190
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250 MN=NPM(NMB) 81200
IF(QLOSS) 270,260.270 81210

260 SE3(MNNM3)=(RHOBXCNMB)*CPB(MNNMB)*DXB(NMB) )/(2.0*DT) B1220
RB1CMNNM8)=(1.0)/( (DXB(NMB)/(2.*XK8(MN-1,NMB) ))+(0X8(NMB)/(2.0*XK 81230

18(MNFNMB) ))) 81240
AB CMNPNMB)=R81 (MNFNMB) 81250
BB(MNPNMi3)=(-(RE1(MNNMB)+SB(MNNME3))) 81260
CB(MN#NMB)=0.0 81270
DB(MNPNMLB)=(-(SB(MNPNMB)*TX2T(MNNMB))) 81280
GO TO 280 81290

270 S8(MNPNMj)=(RHO8XCNMB)*CP8(MNNMB)*DXB(I1JMB) )/(2.0*DT) 81300
RB1(MNNMB)=(1.0)/( (DXB(NMB)/(2.0*XKB(MN-1,NMB) ))+CDXB(NMB)/(2.0*X 81310
1KBCMN.NMB3)))) 81320
AB(MNPNMO3)=RB1 (MN#NMB) B 1330
BB(MNPNMU)=(-CRB1 (MNNJMB)+HENV+(1.73E-09)*FENV*4.0*(TX2T(MNNMB)** 81340
13)+SBCMNtNME3))) 81350
CB(MNNML3)=0.0 81360
08(MNPNMB)=(-(HENV*TENV+FENV*(1.73E1-09)*( (TENV**4)+3.0*(TX2T(MNNM 81370
IB)**4))+SB(M,'NNMB)*TX2T(MNPNMB))) 81380

280 L=NP+1 81390
D0 300 1=1'NMB 81400
K=NPM (I) B1410
IF(I.EQ.1) GO TO 282 B11420
IF(GAPX(I-1).EQ.0.) Go TO 282 B1430
KT1l 81440
GO TO 285 B1450

28~2 KT=2 81460
285 DO 290 J=KTPK 81470

A (L)=A8 (jI) 81480
B(L)=B3(jtI) 81490
C(L)=CR(.J.1) 81500
D(L)=DRCU.I) 81510
IF(UMP) 289,289,286 81520

286 WRITE(6p287) A13(JPI),BB(JI),CU(JI),DH(.jIhFJIA(L),E3CLhC(L),D( B1530
IL) iL 81540

287 FORMAT(1HO'8HAB(U. 1)=pPE12.5.2XBHBB(J. I)=.PEl2.5,2X.8HCB(J.I)=p 81550
11PE12.5,2X.8HDB(.J. 1)=, PE12.5,2X.2HJ' I3,2Xt2HI=, 13/lX.5HiA(L)= iPE 81560
212.5t2Xp5HBCL)= 1PE12.5.2X.5HC (L)=,1PE12.5,2X,5HD(L)=,1PEl2.5,2Xp2 81570
3HL=u 13) 81550

289 L=L+1 81590
290 CONTINUE 81600
300 CONTINUE 81610

NPFT=L-1 81620
RETURN 81630
END 81640
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$18FTC PRP Cooonn
C TH-IS qURROUTTN~E DFTFRMINFq THP PHYSICAL PROPEPTTFS OF THF c0oniO
C HEAT SHTELO STRUCTIIPE c0020,

c;0BROIDTINF PROP rofl3n
C COOL0fl

nTMFNISION TIT(EI )H~~(2FYDT1PPPKCp)xc2 coooso
1CPC(2fl1 TKV(2fl) XKV(?fl) TrPV(20) .CPV(20) ,TIMF(3nn) .OCONC3n0)v rO(06n
2oPAO(300),VE'L(300) ,XNPM(1P),NWPR12),NCPR(12)oTXK(20,¶2).XK(2nt.1)) COO7fl
3.TCP(20.12) ,CPX(npfl~lt) P~nBX(12) ,XBM(12) .FMFR(12) ,EM8R(P(1) HXY(lP) rOOnn
4,SAPX(12),FTqT(12),RTEST(12)PTFMOI(2nOO).TXI (2.0n)TX,?(200). rongn
5TYPT(IO.2) ,TlILI (20) n,TtlI.P(2flO) ,HXCSiO) .TW(5O) .IP(50) TRI (50). colon
6TP2(bfl) pt1IL(Isn) ,IFM('~n) ,TY(200) ,A(200) ,tP(20) ,c(20) o~(20n0) Col in
7R(SO) ,RHO(50) ,CP(50) .OXP(12) .XKP(10e12) ,PB(lfltl2) Xmr1G(Sn). o~
SYK(50)pA&H(10P12),FRB(InPI2)#CR(10l.12).P)5(ln#12)p';R(l0,12). C 013n

flTMENqION TTu)L(50)PRHOY1(KO)oRHOYPC50).DpRO(sn),TCPC(2O) (1015n
C (016nl

COMMON TKCXKrtTCPCCPC.TKVeXkVTCPV.CPV,YNPMPRH4ORXXPMFMBP, (1017n
IFFRNKPBNCPPTXKXKTCPCPXPNPMGAPYFTFST.PTFqT.TFMDT.TX1o r CAin
2Ty?,T"(2ToTUL.TUt~leTt)L2.TR.IRl IP2,gABCpflStR.APRBCRPDRSPP rOiqn
3HP1.fP2, TYpHnYI RHOY~y2,mfGRHOPCPPYKXKRCPB,DXRDTPYLOST. co,?nn
UTrABLTCHAPPTRCRHOV.PHOCFRLOWFMVEMCHI00.NKC.NCPC.NKVNrP~,. C021 0
5NPNMR.NPSPSNPF.TFST~~,TFMPI .TYO ,TFNVIHEN%,,FFN\V0LO(SS,PTLTmTINT (0220
COMMON 11e12.T3.14.l~Is 6,OIN.TNT.DXXMTTLPVLPBL.flMP.FRPl ,EPR2. C02in
IFRR3eFRR4,HV.VPTCHARK .CHARC. ABL.KARLC.YMnCH (024n

C C0250
KTNT=TNT C026n
DO 17n I=KINTPNP C0270

10 TF(IR(I)) 12.12p100 (0280
12 T(IL (I )=AMAXI (TX1 ( I) Tx2( T)) C029n

TF(TUL(I).LF.TAPL) Go TO 20 C0300
TP (I)= r1 o3in
(.0 To 100 c03:20

P0 TF(11-1 P502 #21 ero33n
21 TF(Il-NKV) ý"2.:Ž2.2v5 C03L40
P2 TFcTXP(I)-rKVt1'J) 3S#55.10 C0350
25 wPITE(6t26) TX2(I) (0360
P6 FORMATC1Hne87H THF RANGF OF ONE OF THF ARLATION PROPFPTY CtJRVF FTT C0370

1CZ WAS EXCFEDEn AT A TFMPPPATUPE OF PIPEIP.5) (0380
FRR2=I .0 to3qn
GO TO 355 r04nn'

G~O TO 21 rO42n
35 TFCTXP(I)-TKVU1l-1)) 4opSc.50 (01430
40 T=1I1-1 (0440

c.o TO 20 (04r50

]*(TX2(I )-TKV( TI-i)) C0470
G~O TO 60 (04A0

55 YKCI)=XKV(I1) t0490
60 TF(12-1) 25prp,6i c0500
61 TF(12-NCPV) 6Pt62p25 C0510
62 TF(TXP(I)-TCP%1(12fl 7O.FA5.65 (00520
65 T2=12+1 C05.11

c.0 TO 61 (0540
70 TF(TXP(1)-TCPv(12-1)) 75.A5#sn (0550i
75 T2=12-1 (0560

6o



so TO 60 C057n
AO0 CPCI)=CPV(I2- )*( (CPV(12)-CPV(12..1))/(TCPV(T2)-TCPV(Tp-1))) CawR

1*(TX2(I)-TCPV(12-1)) trosgn
GO0 TO 90 row0

A5 cP(!)=CPv(12) cowl
90 RHO(I)=RHOV Cow2

G~o To 170 C0630
100 T(JL(I)=AMAX1(TUL(l) .TX2( r)) C064n

TF(TUL(I)-TCHAR) 1100211n115 co6sn
110 R140(I)=PHOV+(RHOv-RHoC)*( (TLIL(I)..TARL)/(TA1BL-TCHAR)) 06

YK(I)=CHARK+(ABLK-CHARK)*( (RHO(I)-RHOC)/(RHOV-RH0C)) C067n
CPcI)=CHARC*(ABLC-CHARC)*URH.OCI)-RHOC)/(RHOV-RH-OC))CO
n~o To 170 C069n

115 TF(VPT) 116,116p117 C0700
116 TTLJL(I)=TlJL(T) C07 10

GO TO 120 C07pon
117 TTijL(T)=TX2(I) co?.i0
120 TF(13-1) 25P25#121 C074n
121 TF(13-NKC) 12P#122t2S C075n
122 TF(TTlIL(1)-TKCI3)) 124,135,123 C,076n
123 T3=13+1 C0770

G~O TO 121 C 078n
124 TF(TTl)LCI)-TKC(I3-1)) 12SP135.130 co?90n
125 T3=T3-1 COAOO

cGO To 12o CoAlO
130 YKCI)=XKC(13-l )+( (XKC(13)-XKC(I3-1))/(TKC(13)-Tgc(I3-1))l C0820

1*(TTUL(l)-TKC(I3-tfl C083n
GO TO 140 COAt4n

135 YK(T)=XKC(13) fOR~fl
140 TF(14-1) 25,2r,141 C086n
141 1FC14-NCPC) 142P142o25 COA7n
142 TF(TTllL(I)-TCPC(I4)) 150,165#145 CORROn
145 14=14+1 COAqO

GO TO 141 C090m
150 TF(TTIIL(1)-TCPC(I4-1)) 155@165#16O C0910
155 14=14-1 cr0990

GO TO 140 ir 930
160 cP(T)=CPCd14-1 )+((CPC(Iu)wCPC(14-.1))/(TCPC(T4)i-TCPC(14-1))) C09t4n

1*(TTUL( I)-TCPC(14-1)) C095n
n0 To 166- r096n

165 CP(I)=CPC(I4) C097n
166 RHO(I)=PHOC C09RO
170 CONTINUE Co990

c cnonn
c nFTERMINATION OF PROPER BACK-(IP rHIFLn MATERIAL PROPERTY cnifn
C CI 020

no 300 I=1eNMA Clfl3f
nxs(I)=XBM(T)/( (XNPMUT)-1.0)*12.n) C 1040
LKP=NKPB (I) ClnSO
LCP=NCPB C ) C 1060
NN=NPM(I) r107n
nlo 28n J=IPNN CinRO

200 TF(15-1) 203.203,201 Cl 090
201 yF(T5-LKP) 2nP#2n2,2fl3 CloO
202 YF(TXPT(JPI)-TXK(15,t)) 206p220,205 CIllO
203 wPITE(6,204) TpTx2T(JoI) C112n
204 FORMAT(IHOp3pH THE RANGE OF ONE OF THE NiuMBFR *IP,71H BACKUP C;TqIIC C113M
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ITIIRF PROPFRTY CURVE FTTq WAS FXCFFDFO AT A TFMPFRATURF OF PIPF12.5 r.iium
P2) C1150
FPRP= .0 C~116n
Go TO 355 C117n

205 T5=15+1 CIiBO
GO TO 201 C1190

206 TP(TXpT(JpI)-TXK(T5-lt,)) 210,22nP215 cl2on
210 TR=15-1 C1210

GO TO 20U C122n
215 YkH(.JI)=YK(Icq-1,I)+( (XK(T5.I)-XK(I5-1.Il))/(TXK(T5,T)-TXK(I5-1ItI)) C1230

Go To 230 C125f)
220 XI(B(JPI )=K(I9, I) C126n
k30 TF(16-1) P03,003P231 C127fl
231 TF(16-LCP) 23Pp232#2n3 C1280n
232 TF(TXPT(Jol)-TCP(T6,T)) 214P2'45,P33 r129fl
2313 T6=16+1 C13o0

60 TO 231 rl3lfl
234 TP(TXPTU,#I)-TCP(T6-IPI)) 235t245#2L40 C.132fl
235 T6=16-1 ('11M3

GO TO 230 C134n

1TI))*(TX2T(J.T)-TCP(T6-1,T)) C1360
GO TO 280 C137n

245 rPB(JI)=CPXcT6pI) C13An
280 CONTINUF cl 39gn

TS=2 Cl4flO
T6=2 C1E41n

300 cONTINUF Cl142fl
310 TF(DMP) 355v3q5p3PO C143n
320 wPITE(6,3l0) C14L4f
310 FORMAT(/1Y#32H PROPFRTIFS OF ABLATION MATFRTAL/) C145n

wRITE(6#335) C146n
335 FORMAT(/5)Y,5HYK(I) .9X,5HCP(!) ,9X,6HRHOUY)/) C147n

wPITE(6p340) (YK(T) eCPUl) RHO(I),11,vNP) C148n
340 FORMAT(2X,1PF12.5,2X.1PF1 2S.5.X,¶PE12.5) C149fl

WRITE(6p345) c15no
345 FORMAT(//IXo3pH PROPFRTTFq OF BACK-UP STRUCTUPE/) CIMOf

wPITEC6#347) ri520
347 F0RMAT(/5X,8HYKP(J,!)p7Y.AHCPPCJI)e7Ye8HRHnBX(I),7Xt7HFMFB(T),8Ye C153fl

17HFMBR( I) 9XpHflXRC I ) C154n
00 350 I=IPNMR c1rr50
KL=NPM( I) C1~56n
flO 349 J=1,K1. C157fl
wPITE(6#348) YKPCJI) CRJT)ROX~)PMSTPMB(~r)BT C15a0

348 FORMAT(3X,1PF12.5,3X. 1PFIP.5#,X,1PE12.5,3Y,1PF12*!5.3X,1PF12.5,3yI Ci59n
IPF12.9) rl600

349 cONTINUF C161nl
350 CONTINUE C162n
355 RFTURN C163n

FND C164Ml
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$IBFTC ABL 00000
C THIS SUBHOUTImE DETERMINFq THF MASS FLOW RATF FROM THF nonin
C ABLATING~ NOnES n002

r~tIBROI)TINF ARt ATF 00030

r1TMFNqION TITLE(12),HFADNie,(12)PXTr)NT(i2,1,).TKC(20),XI<C(pn). no0050
1(rpc(2n)PTKV(2n).XKV(2O) ,TrPV(PoJ.CPV(2Oh#TIME(300).OCON(3n0)o no0060
20PAD(3O0) .VEL(300) ,XNPM(¶2),NIwPP(12)eNCPR(12)pTXK(20,t2),XK(20,1,) 00070
3,TCP(20,12) ,CPX(20,12) eRHOBX(12) .XBM(12) .FMFB(12) ,EMBR(12) .HXX(2p) n00R0
4,(GAPX(12) ,FTFST(12),RTEST(12) ,TFMPI(200),TXI(200),TX2(200). now9
5TYPT( IOr 12) PIL 1(200) oT1J1(20n) PHY(50) PTW(50) PIRC50) o IR 1(50). 00100
6TP2bon),TItIL(5io),iEM(,in)PTY(POO),A(200),8(pon)pc(200),n(2oo), 00110
7R(50) PRHO(50) ,CP(5O) .OXPC12) .YKR(10.2) ,cPBC1O,12) .XMnG5O~ f~l02n
8Y1((50).AB(i0,12).88(10e12'jCR(10,12),fl8(10e121 .sPI1O.2). no0013
9RPI(10.12).RR2(1O,12),H(12),S(50),NPM(12) 0014n
nImFNqION TTUIL(50),RHOYI(';0)PPHOYP(50),PRHOCsn),TCPC(70) 00150

COMMON TKCXKrTCPCPCPCTKVXkVTCPVCPV,XNPMRH-ORX, XPMFMBR. 1)017n.
IFMFE3,NKPBFiNCPPPTXKPXK.TCPpCPX.NPMGAPX.FTFST.RTEcTPTEMO! .TX1P * 00180
2TY2pTY~2TtTULvTUL I TULPP IR p IRI , 1RptA# BC tnvStR#ARpRBvC~pRpSR. 00190
3RP1 ,RR2,1YRHOYI ,RHOY2,XM0GRPOPCP.VKXKRCPBDXRDT,XLOsT, 00200
4TABLTCHARTRFCRHOV.PHOC.FRLOWFMVEMC ,H30n.NKC.NCPC.NXVPNCPV# 00210
5NP.NMRNIPRSNPFPTFST~pTFmPI ,TX0,TENVPHENV,,FFNV.QLOSS.TLIMTINT 00O220

COMMON Tt,12.T3,14,I5,16.OINTNT.OX,XMTTL.VLBLP0MP.FRR1 .ERRPs 00230i
IFPR3,FRR4,HVIVPTPCHARKCHARCABLKARLCXMflCH 00240

YMT=O *0 00260
LTNT=TNT 00270
KI=NP 00280
TF(DMP) Hi,8p 0)0290

3 wPITE(6peý0 n0 30fi
5 PORMAT(//IXPPQHMASS PLOW FROM ABLATING NonES//) 0)0310
8 no 2.00 KKT=LPN!TNP r) .1 Pn

TF(IRt(KI) ) 11.11ol .1200330
11 TF(TXl(KI).L.F.TABL) GO TO 9 r00340
12 TILI(KI)=AMAXI(TULI(KT),Tyl(KT)) 00350

TPI (K! )=l 00360
c60 TO 20 00370

9 TFCTXl(KJI-TAPL.) i0,10.2(1 00380a
10 RHOYI(KT)=RH-O~f 003590

no TO 50 D0400
20 TF(TUI-1(KT)-TCHAR) 4n,3Ol0 0)04l0
30 RHOYI(KT)=RHOC 004P0

G~O TO 50 0)0430
LLO RIHOY1(KI)=RH~OV+(RHOV-RHOr)*(CTULI(K!)-TARI.)/(TAPI-TCHAR)) 00440
50 TF(1RP(Ki)) 5P.52t54 no4rsn
52 TF(TXP(Kl)s.LE.TABL.) Go To 56 00460
54 TUIL2t'<I)=AMAXICTIJL2(KT),TY2(KT)) 00470

IR2(KT)=l 00480
sO TO 70 00490

56 TF(TXP(Kl)-TAPL) 60PGO,7fl 00500
60 RHOY2(K! )=RHOV 00510n

s~o TO 95 n a ip
70 TF(TUL2(KT)-TCHAR) 9n#80.GO n0030
AO RHOY2(KT)=RH(OC 00540

no TO 95 00550n
qo RH-OY2(KI)=RHOV+(RHOV-RHOr)*( (TUL2(K!)-TARL.)/(TAPkL-TCHAR)) 005)60



95 nRHO(KI)=( (RHrOYI(Kl)...HOY2(KI) )/nT)*DY fl057fl
TF(KI-NP) 97pq6t96 rnosRn

96 rWIHO(KI)=flRHo(KI)/2.n fl059fl
on T0 98 n06Onl

97 TF(KI-INT) 96,96.98 fl06in
98 XF(DRHO(KI)) 110P120,120 fl062n

110 nRH0(KI)=fl.O n0630l
120 )CMT=XMT+DRHO(KI) 04

XMDG(KX )=XMT nl065n
TF(OMP) 1Q0p1 9 0tl50 nl066n

150 wPITE(6pl60) XMDG(KT) ,DRHfl(K!).RHOY2(Kl).RHOYI(KT) fl067fl
160 FORMAT( ~5xD=*P1.oXoHRO 1~2SPp6RO2,PEIP.5.2 flO6Afl

ly.6HRH-OY1=#1ppi2.5) fl069n
190 xlKlK.'. nl070n
200 CONTINUE fl0710

RFTLIR N nl072nl
FND n073n
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SIBFTC OXTD FOOOfl
C F00IO
C THIS SUBROUTINE CALC~iiLATFS THF HFATING RATE DUE TO COmBLJSTION FOopfl
C TT IS ASSUMED THAT OXYGEN AND CARBON REACT To FORM CO ONLY, FOO3fl
C FOO'4f

cIIPROIITINF OXYDAT(XMDO.QOOID) F005fl
C F006n

oOXID=XMDO*4oflO.0/36nnf. 0 F007n

(0OXID=O.o FOORO
RFTURN F0090

FND EDIDO
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SIBF'TC SWUFT FOODo
C THIS SUPROUTINE DFTERMIN~q THF FOPWARr) TTME STEP TEMPFRATURFS FooIO
c RY SOLVING THE TRT-DIAGONAL MATRIX F002n

sUIBROtJTINF SwtIFT(ApR.Cv,DTvNprOMP) F00nfl
nTMENqI0N A(pn0) eP(200) .C(200) .0(200) .T(p00) .CP(200) .fP(pn0) Fo0L~f
CP(I)=C(1)/BC1 ) Fonrn

no ion I=PPN F0070

100 rONTINUE Foonn
T(N)=nP(N) FOlIO
NMI1 N- 1 F012fl
nlo 20n .J=2,NMI FOI 30
T=N-J F014fl
T(I )=P(I)-CP(I)*T(I+t) FoilSO

200 CONTINUE F016n
TF(DMP) 3 n00 3n0 p25O FO 170

250 wPITE(6t260) FnlRO
260 FORMAT(//lXv4AHCOFFFTCIFNTS CALCuiLATED 13Y SURRPOUTINF cSW(UFT//) F0190

wRITE(6p270) Ff0pn
270 FORMAT(6Xt5HCP(I) ,10x,5H-nP(I) ,10X.4HT(IL,) FOPI10

wRITE(6p275) (CP(T).flP(T) ,T(I)#I~lpNJ Ff220
275 FORMAT(2X,1PE12.5,2X.,IPFi9.5.PXtiPEl2.5) Ff230
300 RFTURN F0246f

FND r025n
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S18FTC REC cnr
C 60010
C THIS SU~kOUTINE DETERMINFq THF FRONT FACF LOCATION ANt) CHAR MASS op
C RFMOVAL RATE G0030
C G0040

qIJBROIITINF RFCýESS(XMn~oCxI OSTPTRFCDT.RHOCTS.'SRTY2,NPECNR5.;FRR'K, (40050
lcqfl SDOTOmp) A0060

C (4007
nlMENqION TS(50).)SR(sn) (40080
TF(TXP-TRFC) 10.20.2n (40090

20 XMDC~n.o r40100
YLOST=0.oj (011In
qDOT~n.n roipn
c.O TO 60 G0130

20 IF(NRS-l)P~25v29, (40140
21 TF(NRq-NNFC) P22.2225 (40150
22 TFCTXP-TS(NRSI) 32.4n,30 A0160
25 wPITE(6t26) TY2 r.017n
26 FORMAT(IHnv7SH THE RANGF OF THE SURFACE RFCESSION TAI3IE WAS EXCEED) r4018n

IED AT A TEMPERATURPE OF PiPEIP.5) A0190
FPR5=1.0 c40200
GO TO 60 (40210

30 NPS=NRS+l (40220
c6o TO 21 s0230

32 TF(TXP-TS(NRs-l)) 34,40p36 r0240
34 NPS=NRS-1 r40250

GO0 TO 20 rj0260
36 SX=SR(NRs-i)+U(SR(NRs;)-SR(NRS.1))/(TS(NRs)-TSrNRs-1)n) 6027

1*(TX2-TS(NRS-1)) r60280
GO TO 50 eropcm

40O qX=SR(NRS) 60300
550 tt OST=300.0*SY*flT A a sloI

xMDC=(XLOST*RHOC) lOT A0320
qnOT=SX*300~ C (0330
TF(OMP) 60t6op52 C,03'40

52 WRITE(6t5L&) SYPXLOST.YMnc rI 0550,
54 FORMATC1Hne3HSX=, 1PE12.9.lX.6HXLOST=.1PF12.5.3X,5HXMDC=, 1PE12.5) (40360
640 RFTURN 64037n

FND 90380
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SIBFTC TEMP 140000
C THIS rWRR0UTINJE DETERMINFq THF INITIAL TFMPFRhTLIRF OI.STRTAUTIoN HO001
C IN THE HEAT sHIFLD STRUCTIJRE 140020

50BROUTINF TEMPO HO0030

DIMENSION TITI.E(I2? ,1EAflN(.(12).XIDNT(12,I2).TKCf(0) .XkC(20)0 e 1400
lCPC(20) ,TKV(2l) PXKVC('0) TCPV(20) .CPV(20) ,TIME(30n) .QCON(300)o HOW06
2QPADC300) ,VEL1300) ,XNPM( 12) NKPR(12) .NCPR(12) ,TXK(20.12) .XK(20.1P) mo007
3&TCP(PO0l12hCPX(20,12) .Ri.40X(12) .XBM(12),FMFB(12) ,EMBP(12)tHXX(1,) I400A0
4,(APX(12)tFTEST(12).RTEST(12)PTFMDI(2n0).TXI(200)tTX2(20n). 140090
STX2T( IO,12)PTI ILI (200) qT1UL2(200) oHX(50) sTw(50) tI R(SO) t R 1(50). p010W
6TP2(5rn .TIIL(sn) ,IEM(sn) ,TY(200, ,A(200) .B?00 ,C(200) .0(200)p Mali0
7R(5O) PRHO(50) ,CP(50) .DXP( 12) .XKR( 10.12) .CPB( 10.1?) XMDG(50), 140120

9RP1A1l,12).R82(10.12),H(jP),s(5n)PNPM(12) 140140
nIMENSION TTLJL.(50),RHOYI(5jO).RH~y2(50),DR14O(50).TCPC(20)) 140150

C 140160
COMMON TKCXKCTCPCtCPC,TKVXICVTCPVtCPV.XNPM.RHORXXRMFMBR, 140170
1EMFB.NKPB.NCPRTXK.XI(,TCP.CPX.NPMGAPXtFTFSTFPTESTtTEMOITXI# HOW1~
2TX2,Ty2TtTUL.TUL1,TUL2, IRIR1,1R2,ABC~flS.R.AP.RBcRDBSB, 14019
3Rlp RF(2,TYPR14OYiRHOY2. xmfG.RHOCPYKXKRCPB.DXRPDTtYL0ST. 140200
'4TABL .TCHAPPTRFCR14OV.PHOc .FSLOW.FMVEMC,14300.NKC.NCPCNKV.NCPV, 140210
5NP.NMRtNPPSNPFTFSThTEmPITXOTFNV.14ENVtFFNVPOLOSSPTL~T4.TINT 140220
COMMON TI112.13,14,I5,16,OIN.INT.DX.XMT.TL.VLBLonMPFRPI eERR2, 140230
IFRR3,ERR4,HV.VPTPCHARK.CHARC.ABLKABLCXMDC.H HOWL&

C 140250
Yn.o 140260
TF(TEST2) 30n,l00#20n 140270

100 n0 150 L=IPNPF 1402An
TXI (L)=TEMPI 1-0290
TX2(L)=TEMPI 140300
TuL1(L)=TXI(L) 14031n
TUL2(L)=TX2(L) 1403:)n
TFMOI (L)=TEMPT 1403301

150 CONTINUE 140340
no 160 I=JpNMA 140355A
,jN=NPM(I) 140360
no 155 M=I#JN 140370
TX2TCMI )=TEMPI 140360

155 CONTINUE 1403911
160 CONTINUE 1o4040

AO TO 32o H404tn
200 n0 220 L=IPNP HO04W

TFMO)I(L)=TXO,( (TENV-TXO)/TL)**x 140430
TXI(L)=TEMDI(t-) 140440
TX2(L)=TX1 CL) 1404s0
TULI(L)=TXI(L) HO0W6
TtIL2 (L)=TXI (L) 14047M
)C=X+DX 1404A0

220 CONTINUE 140490
L=NP+l 14050
n0 270 I=1,NMR 140510
KJ=NPM( I) 140520
no 250 J=¶eKJ 405530
TFMDI(L)=TXO+( (TENV-TXO)/TL)**X 140540
TXI (LI=TEMDI CL) 14055M

TX2(L)=TEMDI(L) 140560
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TY2T CJt I)=TEmfli L) H06;7f
W=X+DY8( I) wra
L=L+1 H0599

29)0 CONTINUF Ho6nn
X=X+(GAPX( 1)/12.0) H06 i

270 rONTINUF 4062n
cs0 TO 32o MO63fl

C AN ARRRTTARY TEMPFRATIIRF I'ISTPIPtITION CAN BF READ IN FROM INPUT M064nf
C DlATA IF TESTP IS A NFGATTVF NUMRFR i4065fl

300 wPITE(6#310) HO66fl
310 FORMAT(IHnt79H- THF VALUF nF TFST:) WAS NF'CATIVFP 4.;IB~n(ITYNF TFMPn 4 06~7n

IHOIJLO NOT HAVF PFFN CALLFfl.) na
FPRI1*0 .0~

3P0 pFTURN Hn47nM
FM r'O .0710
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SIBFTC fl0N2 TOOnfl
C TH4IS qUPHOUTIME DFTFRMINFq THE TFMPERATtIRF OF POTNTS A FTYED TOfllf
C PYSTANCF FROM A REFEPFNCE PLANE FPOM THE TEMPERATuREq CALCULATED TflOpf
C TN A VARYING THICKNESS Toflinf
C 10fla~0

S11RRO11TINE DON12(XLOSTPXA~PAY.TARpAYNA.XNODE.TEMPpXNOflEVotKKXLST~,, 100'gfl
InY) 100)60

C 10070
DITMENSION XARRAY(5O)oTAPRAY(50),YNODE(5fl)PTEMP(Sn)eXNODFV(50) YOORO

C T0090
K=O 10100
flYT=O.O 10110
no Ion I~j.vNA 10120
TE(XLqTV.LE.nYT) GO TO 15n1 Tol~0
K=K+l 101401

100 n)(T=DXT+UY 10150
ISO0 xKKNA-K yo0260

x(K=K 10170
xNOlEI( 1 )=XLSTV 101 RO
TFMP(1 )=1ARRAY(1) joiqo
no Pon I=lPKK TO200
'(NODE (I ) XK*r)V-XLSTV 10210
CALL r)ISCT3CXNODF(I),XARRAYTARRAYNAoTFMPCI+t) 1 1022
YNIODEV(T+1 )=XK*PX T0230

200 '(K=XK+.oo TOW4
wrTURN TO2~n
END 1O0260

70



SIBFTC IJINTPP JOnOO
c~tIBPOtITINF LINITRP(XtXTB1.YtYTPLPNO.Jl ~joOin
flTMFNrSION XTRI. (50) YTFtL(rnf) 11002fl

I=J JO 03
YF( I.ST.N.OR. T.LT.2) Y=P J004fl

10 TF(XTRLU1-1P.I.E.X.ANn.X.LF.YTPL(Tl) GO To 4n JOOSO
TF(X.cT.xTBL(T)) GO TO 3n JOO)6f

20 T=I1l J007fl

TF(IISE.2) Go TO 10 ~joona
T= jooqng

r.0 TO 40 JOl100
30 7=1+1 jotin

TF(I.LE.N) Go TO 10 J012n
T= ln

t40 FPACT=(X-YTRL(I-1))/(XTPL(I)-XTPL-(1-1)) on
Y=YTBL.(TI-)4iYTFPLCI)-YTPt (I-1))*FRACT 1101.5n
R FTUI R N 1016n

FNIDJ017fl
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$18FTC TSOT KeOMn
rIIBROI.)TINF I4flTHm(OFPTHvTFMPvPONflNvANS) KOfl
flTMFNqIoN DEPTH(1'),TFMP(1) op
ANS=-Ie KOfl*fl
K=N-1 nn
nO ion T=IPK K005n
TF(TEMP( 1)-8oND)p.1,3 vooF~f

1 ANS=DFPTH(l) 1(007n
AO TO 100 ,KOOAn

2 IF(TEMP( 1+1)-POND) lflr,lnn .4 1(0090
4 ANIS=VFPTH(1+1 )-(TFMP(T+l)-BONfl)*(flEPTH(1,1)-flFPTH(I))/(TMPT~4c+1). Kooin
ITFMP(T)) Ko02 n
AO TO 100 K0i2M

3 TF(TEMP( 1+1)-ROND)5*ino.lno xo01 in
5 ANS(TEMP(I)-PON0)*(flFPTH(1*1)-PF~PTH(T))/(TFMP(T)-TEMP(T+i)),flEPTH (0i14n
1(T) Kolsn

100 rONTINUF K0i1,n
TF(RONO.EO.TFMP(N) )ANc=F-PTH(NI) 1(017n
RFTURN KoiSO
FNO 1(0190
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S!BFTC SAVE 10000
cItIBROIITTNF SAVE(SAVElSAVF2,SAVFIPUSENX1 .VALIJE,)T.TFTNA1.T!MFP 10010

ITI4ING) L0020l
nTMFNSION SAvFI(1)fSAVEPMP)SAVF3(I) L00W
I lSE=O.O 0 LOW~
cAVE1 (NX1 )=VAI.UE -o~ns
NX2=NX1-l L006n
TF(NXP9FQ.O)NY2=3 1,0070
cAVF:2(NX2 =VAIUF 10080
NiX3=NX2-1 I 0090)
TFCNX3.FQ.0)NV3=3 10100
c;AVF3(NX3):VA, UF 1.0110n

TF((TTME.LT.(P.*OT)).OR.(TIMF.GF.(TFINAL-3.*#DT)flGO To 4 10120
GiO TO (1,?P3)vNX1 L013

1 TFC(((ABS(qAVF2(1 )-SAVF2(P))).L-E..001).OR. (AAR;(SAVE2(2)-SAVE2(3)) LOW~
1.1 E..O0lGO TO 5 1-0150n

It). T.SAVF2(2)).AND.CqAVFP(2).LT.sAVE2(3))))UqE~sAVF2(2) L.017n
5 THING=SAVF2(2) LOW~

GO0 TO d4 10190
2 TF( ((ABS(SAVFI(1)-SAVF3(P) 3) .tF..0013 .OR. (ARS(SAVE3(2)-SAVE3(l)) L02fl0
1.LES.0O1)GO TO 6 10210l
TF( ((SAVE3C1) .LT.5AVFI(2)).ANfl.(qAVF3(2).AT.SAVF3(3))).OR.((sAVFA( 1022

11) .GT.SAVF3(p) ).AND. qAVFI(2) .LT.SAVE3Cl)))~icE~rAVF3i(2) 1.0230
6 THING=SAVF3(p) 1.02140

60 TO 4 1.025n
3 TF(((ABS(SAVF1 C1)-SAVFI(P))).l.E..001),OR.(Aq(SAVFI(2)-SAVEI(3)) L026n
1.tE..O0lflGO TO 6 10270

11).cT.SAVF1(p)).AND.(rAVFI(2).LT.SAVE1Cl)))U'lrE~rsAVFI(2) 1.029n
7 THING=SAVFI(2) 1030
4 NYINyC1+l L0310

TF (NX1 .EO.4)Ny1 .~1 1.01;20
RFTURNI 1033
FND 10314
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S!8FTC flISCT3 mooofl
4;1,BROtITTNF Dr-cCT3(XA.TABY#cTASV,NyPANS) MOMIO
flMENSION TABY(i)PTARVC.I) moo2fl

CALL fliSSFR(XAPTAFRX#l NYU.PNN) mofl3f
NNN=3 MOOI4f
CALL LAGHAN(XAPTAPX(NN).TABY(NN),NNNPANS) moo~5li
RFTURN M006n

F MD M007n
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SIBFTC DISS WOOoo
SUBROUTINE DISSER (XAPTABPIPNXPIDPNPX) WOOlo
DIMENSION TAB(2000) W0020

C DIMENSION TAB(2000) W0030
NPT=ID+l W0040
NPB=NPT/2 WOO50
NPU=NPT-NPB W0060
IF (NX-NPT) 10p5t10 W0070

5 NPX=I W0080
RETURN W0090

10 NLOW=I+NPB W0100
NUPP=I+NX-(NPU+l) Wollo
DO 15 II=NLOWPNUPP W0120
NLOC=II W0130
IF (TAB(II)-XA) 15P20P20 W0140

15 CONTINUE W0150
NPX=NUPP-NPB+1 W0160
RETURN W0170

20 NL=NLOC-NPB W0180
NU=NL+ID W0190
DO 25 JJ=NLtNU W0200
NDIS=JJ W0210
IF (TAB(JJ)-TAB(JJ+1)) 25P30P25 W0220

25 CONTINUE W0230
NPX=NL W0240
RETURN W0250

30 IF (TAB(NDIS)-XA) 40#35,35 W0260
35 NPX=NDIS-ID W0270

RETURN W0280
IfO NPX=NDIS+l W0290

RETURN W0300
END W0310
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SIBFTC LAGR TOOOO
SUBROUTINE LAGRAN (XAPXPYPNPANS) T0010
DIMENSION X(200)PY(200) T0020

C DIMENSION X(200)PY(200) T0030
SUM=0.0 T0040
00 3 I=1#N T0050
PROD=Y(I) T0060
00 2 J=lpN T0070
A=X(I)-X(J) T0080
IF (A) lp2pl T0090

I B=(XA-X(J))/A T0100
PROU=PROD*B T0110

2 CONTINUE T0120
3 SUM=SUM+PROD T0130

ANS=SUM T0140
RETURN T0150
END T0160
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SIBFTC MORE NOOQo
nTMENSION TITLE(12),x(20n00hY1(2n00).Y2(2000)tY3(2000),tY(2000) NOWlf
RFW!ND 11 N0020
RF'AD(11) (TITLEUI)P!:1p12) N0010

Y3(1)=Y3(1)*12.+Y1(1) N0OSO
Y4(1)=Y4(1)*12.+Y1 (1) NOWA
T=~2 N007fl

TF(X(Y)-Sn01. )1O,20,20 Noog0

VLL( )=Y54CT )*1P.+YI (I) N0lIO
7=1+1 4O0120
rsO TO 30 N013fl

20 NPLOT=I-1 NOWa~
YMI=Yl(l) NO Ism
yM2:Y2(1) Now6
YM3=Y3(i) NelieO
YM4=Y4(t) N618h
nO 40o K =2 P'NPLOT N019n
IF (Y1(K).GT.YM1) YMI =YI(K) NO20f)
IF (YP(K).GT.YM2) YM2 YP(K) NOplfl
TF (Y3(KJ.GT.YM3) YM3 =Y3(K) N022fl
IF (Y4(K).GT.YM4) YM~4 =yL4(K) NO23n

L40 CONTINUE M02140
1000 FORMAT(1HI.(1PA6)) N0250

CALL ACCEND(XoY1vY2pY~vYhNPLOT) N026n
XMAX=X (NPI OT) N027fl
CALL APLOT (XPYIXMAXPYMIPTITLF.NPLOT) mop2RO

CALL PPLOT (XPY2tXMAXYMPFT!TLE) N029fl
CALL CPLOT (XPY3tY4#XMAXVM~oYM4.TITLF#Yi) Nolen
wRITE(6v1n00) (TITLE(T)pI=1: 12) NOW10

1001 FORMAT(5EP0.A) NOW5
WRITE(6etlnO2V)(MAXPYMIYM2,YM3.YMUNPLoT NO54fl

1002 FORMAT(///6H XMAX=F1n.4#SH YM1=F10.4e!5H YM2=F1O.Lu,5H YM3=F10.C&,5H N039in
1YML&=F1 094p2X6)HNPLOTILL) N0360
RFAD (11) (TITLE (I)PT =1.12) NO37fl
RFAD(11)X(1),Y1(1).Y2(1).y3(1),Yu.C1) NOW8
I =2 N039n
IF(XCI)-5001. )0050PSO NOW&0

50 WPITE(6p1003)(TITLE(T)vI=1p12) NOI4iO
1003 FORMAT(////12A6) N049Mf

RFTURN N0143n
FND NO'4L4f
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$IBFTC ACCEN P0000n
quJBR0UTINF ACCENO(XpYtA#BC#N) P0010
nIMENSION X(1)vy(1)#A(1) .P(1)#C(i) P0620
K=1 P0030

101 qMALL=X(K) P0040
n0 100 !=KPN POW5
DOUMY=X(I) P0060
qMALL=AMIN1 (SMALL .OUmY) P007n
TF(SMALL.FQ.x(I) )!NDEX:! P0080

100 CONTINUE P0090
x(INOEX)=X(K) P0 100
X(K)=SMALL oi
qAVE=Y(K) P0120
Y(K)=Y(!NflEX) P013n
Y (INDFX ) SAVE P61 4n
qAVEA=A(K) P0150
A(K)=A(INDEX) P0160
Al INDFX)=SAVEA P017n
qAVEB=B(K) P0180
B(K)=B(!NDEX) p61gn
RI !NDFX)=SAVES P0200
qAVFC=C(K) P0210
C(K)=C(INnEX) P0220
CI INDFX) =SAVEC P0230
K =K * P02W0
TFfK.FQ*N)RETtJRN PO021"S
r,0 TO 101 P0260n
FND P0270

78



$TbFTC APLOT monnnlf
ciIIFROIITTNF APIT 0 XeYXl.TMvYLTMFTITlE,IPIOT)001n
DlrfFNgI0IN X(3n0) .YTTTlElmn) XTITLF(I0) n~on;)n
nTMFNqION TITt E(1?) Y(300) pALANSy(7) moninf
(-ommoNI /APC / ALLOW(7),AI0NC~Xr7),NPLOT,7FPOYVAX.TFI)y on~nn
r)ATA (XTITLF(T),Ij1,1fl)/3AH TI"E (SEC.) / onfl~n
hAlA (YTlTLF(T).Il1,1fl)/.3FH SU(RFACE RFCFSqION (IN.) / OOOF~n
7FNo=fl *0 Oflfl7f
At LOW ( 1) =r. nonf%~n
At LOW(2)=1 00. nflOgf
Al LOW(3)=Pb0. ntoinn
At tOw (4 )=rifl. n01 In
Al LO0w(5)=10fln. 00 1 pA

Al L-0y(7)=500o. o01l4A
NPL0T=IPLOT 00190n
no io 1=1,7 01 iAm
iT=I 001 7n
iF(YLTNI- ALLOwiIl)) ?i,.20#10 n001IAn

10 rONTIN~tJ 00 1 QO

AO wPlTE (6P10001 )CL!MPYI IM n n0,0n0
1000 PORMAT(///77H APLoT CANNoT PF DOnhF PErAt'rF FTTHFf? XLTM F)(CEFnFD I~n eo0ln

100. OP YLTM vVCFFflEn r. IAI-H Xl IMFlP.r9.-;Y6H YLYM=EIP. -/11 W 0n
PNOW Gn TU BPLnT /1/i

PVTI IRsN0J~
PO YMAX= ALLOW(lT) no;5fl

iPIY=To0OP6r
00 40) I=.l 4 MOP7n
Tr= TopI
iPIYLTM *100. -ALLOW(T) )r-0,90.L4n flc

"0O CONTINUP mn7;nn
(-,0 TO 30 ni

'SO YV"A) =ALLnW(TT) /100. o0n-il
CALL PSTI-PM no0i3f
CALL CARTL)CN (13IPo2.2p p~~r; nnl~tr0
CALL PLO11 (liZFRO.YMAyPZFR0,YrMAXPXYPNPL0T,1,1N/) 0019il
Al ONGYCI )=0.u 0n
Al ONGY(II)=0.t On57f
00 60 I~tpb ln
CALL L-AFtIX (ALONrX(TIPI) n'
CALL. LAREI Y (ALONGY(Th)pl nn
At ONGY(T+1 )= ALoNr( XT) +.P* X.MAX notin~l

60 AlONbY(I+1)= ALONCY(n) +.'>* YV'AY np
CALL. PRTNT(2oflQ79,1lop3RvYTTT-F) o0vinf
CALL PRTiNT(47#20fl0p, 1~p3,YTTTLF) 0l0I44n
CALL PR~NT('JT1p3If00, 1i, ,72.TTTI F) 004ci0
CALL flmpbtF MLA
RF TUHN m0u7n
F ND 004An
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$IEBF:C PPLOT Poon')
qtIBPOIITTNF PPIOT (XPYPXLTKAPYLTMoTTTLE, Ponin
flIMFNqIOi\ X(3no).Y(*in)PYTITLFi(1n))ALnNry(7),vTITLE(1n) Ponnn
I)TMFNr,1iON TITI E(1;))prn
CommON /tAPC / AiL..OW(7).AI)NCXt7),tý'PLOT,7FPOPXMAXTFYX P00nn
I)AIA eXTlTLF(T)#I=I.1n)/3pH TIME (WE.) Ponn~
O)AlA (YTITLF(T)p.11,ln)/3RH PONI1LINF TFmPERATIJPF (R) POO6fl
M O)NGV(I)=0.O P007n
flO 10 1=1#7 PoflAn
~T1= panqn
IF(YLYM -ALL(,w(l)) ?oon,2l,0 Polar'

10 rONTINIIJE P01 in
wPTTE (6P1000) YLTM P0121)

tUfl O FfRMAT(/// 37w4 PPLOT WIIL NOT BF DONE BFCAUSF YLjM= F12.ri //3 P013m
PFTURNI Poiun

PO YN'AX =AILoW(TT) Poi so
rALL RSTI-RM 06
cALL r4RIO('N( IP3. l2l..P4,q'4,1P,1M,5,5 P0170
rALL PLO11 (1,1,?ERO.Y(MAYvZEFrOYMAXtXtYt NPLOTPIP 1H/ )o~
W)O 30 1l~lb P0)190
CALL. LAPRHX (ALON(,X(r)P1) P0200
(ALL LARHIY (AL0N(,Y(T)#1) Pop10

30 L1IONGV(T+1) =ALONGYMT + .2* YMAX p0~22A
CALL PRINT(Pflflvq75, 1~,0,3v'XTTT[-F) Pop23n
CALL PRIi~jT(L47.20n0,0, PpAR.YTITLF) P 0?'~n
rALL PfRTiýT (12,e 1000. 1Pn,072eTTTL F) Pp~
CALL O)MPiA!F P0260
wFTURKHM P027n
F NI\D pop~r'
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SIbFTC CPLOT cflflaf
-iIFiROIITTi\,F CPIOT (XPY¶,Y2.XLIMtYITM¶,YLIM2,TITLF# Yl 6Oflif
nllv;NSION XCfl0).Yl(5in0).Y2(300).YTITT..E(iO)tyV(?fl00),iTTTLE(tfl) F011
IiTMFNr.IfN TIinE(i;>),y(3fln)pALflN(,(7)C,03

roMMONI /ARC / ALLOW(7h#AI 0N(-)(7).NlPtOT,7FPOYMAX.TFTx c~onl~0
nA'P'A (VurU,(T),IlP4) / nn.0,rfl.n#20.fl,1n.O / S00f~n

f-iAlA (XTITLF(T)pIj1lvfl)/3AH TIME (qFC.) / S00Fn

OATA (YTjTLFe(T)vj=jeln)/3AH r)TSTANCF (IN.) / nofqn
PATA (iNF/UH1060 /#TWo/41414i6f / ,o1nn
nATA WON/11HI /FTOO/1I-1 / ýloiin

C **FOUR (4) CHAHACTERPS ARE At-LOVIFD FOR C~iRVF(l) rzo1l~l
cURpVE (1) =NF Sf1I3n
HFAC1 P=HHilG C IFI) SOI0tfl

YPIG =AMAY1 CvLIMlPYi-TMP r 016M
NCUPVF =1 50(170
On 1. T= ,NPLOT 501 `.fl

I yy(T)= YI(I) s~oiqn
no 7 T=.Li 5020A
IT= I c0o1fl
IF(YBTG*ln0. -A-LLOW(T)l6,0;p7 5022(1

7 CONT KLMlJF 5,0 p3 n
wPITE (6#10011) YLTMI.YLTNi,9 5O2L4f

1000 PORMAT (/// 30H CPLor WT11 NOT PF DONF PFrAUSfcr Vg IMi 12.rplnH OR 502~cin
1YtlM2T Fi2).5 I/I 026M

PJFTtK I R507(1
6 'vMAX =ALLOW (TI)/100. qo2n0

vFAClP=Vbl'G( IT) qopqri
CALL PSTFPM q0300
CALL (GRTuM. (123, 10P3,24.024v18, PlevS) qolln

70 nlo 10 I=JtNPLnT covnl~

INl =T-1 oAi

10 CONTI'KtUF r.017n
NiOPT =NPL 0T -J+ i S03F1
LI=J + NoPT/p caig0
1VLOC=(YIOAX-YY(LL))*1R.*\/rACTP +P4. -4. C014(1
IHLOC= )((L.L)*18. /HFArTP +123. -148. cfl4in
CALL PRII'jT(IHlOC.tVLOCp R,0,14,CIIPVE) 5flt4tf
CALL PLOT1(1,1,?FROXMAY,7EROYMAYX(,J),YY(J),NOPT P1,SYMROI) I501430
IF (NrUPVF-i 1 9O,85S,90 sn0*4n

P5 Do P6 I~tPNPi-rT og
A6 YYUT)=YP(T) 50116n

cURHVE (1)=TWO ,01470
ýYMPOL=TOn On~
Nr(JPVF = P 014tq0

60 TO 70 soriln
PO NPT=IT-J qcp

I1-.=J + NPT/2 ovl
IVLOC=(YivhX-YY(LL))*IRk.*vijACTP .24. -4.r,0,un
THLOC= X1.L)*18. /HF4CTP +123. -.48. 50nrs
CALL PRTI\T(IHlOCoTVLoC, Avot,14CtIRVE) c50%6n



CA~LL PLO] I( It I,7FROxMAX.7EROvPAYMAX,(j) YY(,I) NPTP,1,VMPOL) qflE 7fl
nOC 50 IJ= Il. NPLOT 09A
,J.j= Ili gor9fl
yF(yy(Xj)- y(TJ) )5l.t1o,Ln 4ofl

IiO CONTIN~UF ot
IF(NCIIRVE-1) 00p~r'5Qi) c.06pn

L401=J 06i
60 TO 70l CO0L4f

QO AItONbY(I)=0.n 06n
nen Ion T=# r06
CALL LASRH.X(AI ONGX(T)o 1) c;067fl
CALL L.APHl Y(Af ONGYV(T) c.1)

iflO AI0NbY(T+1)=Al ONCY(T + P*Y*MAX 1;069nl
CALL PR 1 (0n , 0,I PPIAXTTTtFP) C07Ofl
CALL PRINT(47,2fln0, vtpp3AYTITLF) r,071fl
CALL PR1NT(121piufonov1P,0,72#TTTLF) rSO7?f
CALL rlMPw1F r, 07,jn
w FT UH~ KI 74n

1; NOCfl7!in
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APPENDIX D

PROGRAM TERMINOLOGY

FORTRAN Description

A "A" coefficient in matrix, single subscript

AB "A" coefficient in matrix, double subscript

ABLC specific heat of material at TABL

ABLK thermal conductivity of material at TABL

B "B" coefficient in matrix, single subscript

BB "B" coefficient in matrix, double subscript

BL Total thickness of backup structure

BLTEM value of 1460 isotherm depth from previous time step

BTEST test to determine mode of heat transfer out of back surface of
backup materials

C "C" coefficient in matrix, single subscript

CB "C" coefficient in matrix, double subscript

CHARC specific heat of material at TCHAR

CHARK thermal conductivity of material at TCHAR

CP specific heat of a node in ablation material

CPB specific heat of backup material node

CPC specific heat values in char specific heat table

CPV specific heat values in virgin specific heat table

CPX specific heat values in backup material specific heat tables

D "D" coefficient in matrix, single subscript

DB "D" coefficient in matrix, double subscript

DELTT time step in the time step table

83



FORTRAN Description

DMP test used for dumping (DMP = 0 skip dump, DMP = 1.0 start dumping)

DRHO local mass flow rate of ablation gas

DT time step from the time step table in hours

DTS time step from time step table in seconds

DX thickness of a node in the ablation material

DXB thickness of a node in a backup structure material

DXV variable ablation node thickness (= Np- 1)i

DXX fixed ablation material node thickness " NP - 1

EMBB emissivity of back surface of each material in backup

EMC char material emissivity

EMFB emissivity of front surface of each material in backup

EMV virgin material emissivity

EMX emissivity of front surface of ablation material

END code word for plot routine

ERR1

ERR.2 Control numbers for printing error statements when an input or

ERR3 calculational mistake is made

ERR4

FBLOW blowing efficiency in reducing convective heating

FC0NV factor to correct convective heating rate for various body locations

FENV emissivity - view factor product to cabin interior

FRAD factor to correct radiative heating rate for various body locations

FTEST test to determine mode of heat transfer into front surface of
backup materials
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FORTRAN Description

FV view factor for external environment

G defined by FORTRAN statement

GAPX gap width between backup materials

H film coefficient between backup materials

H300 enthalpy of air at 300' K

HEAD any 72 alphanumeric characters used to identify problems being
run - printed at top of first page of output

HEADNG any 72 alphanumeric characters used to identify each input section

HENV film coefficient to cabin environment

HTX total enthalpy

HV heat of degradation of virgin material

HW wall enthalpy computed from enthalpy - temperature table

HX enthalpy values in enthalpy table

IEM test used to determine if front surface is virgin or char for using
proper emissivity

IPRC variable print frequency in time-step table

IPRCT present print control number

IR test to determine if node temperature is greater than TABL

IRl test used in determining node density at TXl temperature

IR2 test used in determining node density at TX2 temperature

NCASE number of problems to be run

NCPB number of points in each backup material specific heat table

NCPC number of points in char specific heat temperature table

NCPV number of points in virgin specific heat temperature table

NKC number of points in char thermal conductivity - temperature table
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FORTRAN Description

NKPB number of points in each backup material thermal conductivity table

NKV number of points in virgin thermal conductivity temperature table

NMB number of materials in backup structure

NP number of node points in ablation material

NPBS total number of node points in backup structure

NPF total number of points in heat shield structure (NP + NPBS)

NPLOT output plot control number

NPM number of nodes per material in backup

NITP humber of points in enthalpy - temperature table

NPTT number of points in time-step table

NREC number of points in surface recession - temperature or time table

NTRAPT number of points in trajectory input table

NXA

NX.B

NXC dummy indices for subroutine SAVE

NXD

YXE

QBLOCK amount of convective heat blocked due to mass injection into
boundary layer

QCON trajectory table convective heating rates

QCONX cold wall convective heat rate at present time step

QH{W hot wall convective heat rate without blowing

QIN net heat flux into front surface

Q2L0SS boundary condition for heat transfer to cabin interior

QOXID heating rate due to combustion
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FORTRAN Description

QRAD trajectory table radiative heating rates

QRADX radiative heat flux at present time step

QUIT code word for plot routine

R thermal resistance due to conductivity between nodes in the ablation
material

RBl thermal resistance due to conductivity between past and present node
in backup material

RB2 thermal resistance due to conductivity between present and forward
node in backup material

RHO density of an ablation material node

RHOBX density of individual materials in backup

RHOC mature char material density

RH$V virgin ablation material density

RHIYI density of node at past time step

RHOY2 density of node at present time step

S thermal capacity of a node in the ablation material

SDOT surface recession rate

SAVEIT depth of 1060 isotherm at any given time

SAVEXX time corresponding to maximum depth of 1460 isotherm

SAVX time corresponding to maximum depth of 1060 isotherm

SAVY1 surface recession depth at maximum 1060 isotherm depth

SAVY2 bondline temperature at maximum 1060 isotherm depth

SAVY3 term that will contain maximum depth of 1060 isotherm

SAVY4 depth of 1460 isotherm at maximum 1060 isotherm depth

SAVY1X surface recession depth at maximum 1460 isotherm depth

SAVY2X bondline temperature at maximum 1460 isotherm depth
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FORTRAN Description

SAVY3X depth of 1060 isotherm at maximum 1460 isotherm depth

SAVY4X term that will contain maximum depth of 1460 isotherm

SR surface recession values in surface recession table

T present time

TABL temperature at which ablation starts

TCHAR temperature at which ablation stops

TCP temperature values in backup material specific heat tables

TCPC temperature values in char specific heat table

TCPV temperature values in virgin specific heat table

TEMDI arbitrary initial temperature distribution values

TEMPI constant initial temperature distribution value

TENV interior cabin temperature

TEST2 test to determine proper heat shield initial temperature distribution

TDMP time to start dumping or printing information used in checkout of
program (sets DMP = 1.0)

TIME trajectory table time values

TINT starting time of problem

TITLE control card used for reading in new data for successive problems

TKC temperature values in char thermal conductivity table

TKV temperature values in virgin thermal conductivity table

TL total thickness of heat shield structure (VL + BL)

TLIM time limit of problem

TREC surface temperature or time at which char removal is to start

TS temperature or time values in surface recession table

TTABLE time values in time-step table
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FORTRAN Description
TTUL equals TUL if V-T = 0 or equals TX2 if VPT = 1 - used in computing

char properties

TUL maximum value of TXl and TX2

TULl maximum TXl values - used in computing gas ablation rate

TUL2 maximum TX2 values - used in computing gas ablation rate

TV sink temperature of external environment

TW temperature values in enthalpy table

TXl temperature of nodes at past time step

TX2 temperature of nodes at present time step

TX2C temperature at fixed locations in ablation material as defined by XC

TX2T temporary storage of TX2 temperatures for computing thermal properties

TXK temperature values in backup material thermal conductivity tables

TXO initial temperature at front surface of heat shield for computing
linear temperature gradient

TY temperature distribution at forward time step

VEL trajectory table velocity values

VELX trajectory velocity at present time step

VL initial virgin material thickness

VLI initial ablation material thickness

VLTEM value of 1060 isotherm depth from previous time step

VLV variable ablation material thickness

VPT test to determine if properties are irreversible with temperature

WEKEEP depth of 1460 isotherm at any time

XBM thickness of individual materials in backup

XC fixed location of nodes in the ablation material

XI node number
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FORTRAN Description

XIDNT any 72 alphanumeric characters to identify each material

XK thermal conductivity values in backup material thermal conductivity
table

XKB thermal conductivity of backup material node

XKC thermal conductivity in char thermal conductivity table

XKV thermal conductivity value in virgin thermal conductivity table

XL0ST amount of solid ablation material lost in a time step due to surface
movement

XLSTI distance from original surface to present front surface location,
inches

XLSTV distance from original surface to present front surface location,
feet

XMDC mass loss rate of char

XMDG mass gas ablation rate due to pyrolysis of virgin material

XMDo mass flux rate of oxygen to surface

XVDT total ablation rate

XNP number of nodes in ablation material

XNPM number of nodes per backup material

XPLOT time to be written on tape and plotted

XV location of nodes in variable ablation material thickness

YK thermal conductivity of a node in ablation material

YPL$T1 recession depth to be written on tape and plotted

YPLOT2 bondline temperature to be written on tape and plotted

YPLOT3 1060 isotherm depth to be written on tape and plotted

YPL0T4 1460 isotherm depth to be written on tape and plotted

ZZZ ratio to determine when the limiting value of heat blockage has been
reached
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APPENDIX E

GENERAL FLOW CHART

Rewind 11
Read NCASE

Initalize
program constants

Read and write Transfer ýo subroutine

input data and •tFMPD

setup initial conditions • determines initial

I 
temperature distribution

Calculate surface
heating conditions

Transfer to subroutine
RECESS

calculates surface recession
depth and char ablation rate

Transfer to subroutine Transfer to subroutine

calculates tri-diagonal calculates thermal
matrix coefficients properties

Transfer to subroutine
SWUFT

solves tri-diagonal matrix
for temperature distribution

I
Continue
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Continue

Transfer to subroutine
DON2

calculates fixed
location temperatures

Transfer to subroutine
ABLATE

calculates gas
ablation rate

Transfer to subroutine Setup temperature Transfer to subroutine
SAVE• distribution for printing sISTHERM

determines maximum and Perform isotherm calculates 1060' R and

minimum values for depth calculations 1460' R isotherm depths
plot program 

cWrite output I etup data for

tape NPLOT =1 Slot program

If time is less than
TLIM, loop back to Check for

surface beating time limit

calculations sof problem

C92ck End File 1
NAE LPLO = NCASE Rewind 11

SReinitialize program to

initial input conditionsT
[Go to initialization l

of program constants I
to start next problem
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TABLE I. - SAMPLE PROBLEM4 INPFUT

Wb Fortran data card listing

TYP1CAl CHARRIjNIC, ARLArOR, - TEST rA'SE - 4/6/65 DONALfl m. CIPPY

+b0OO..0 +on0 +(?. 0 -iin9 2 1

1-r9.0 U oll +11.1 +on1 Ion

+bfoo.Ij +on +(',I +On io0

+1.0 +o0 +1.0 +00

1YPYCAL CI-4,RH1,Nr AWlAT[ON MATFRTAL- PROI-WRTIFS

+ li~b'i. n +on +Iabo .n +on0 +U.0 +On +34.0n +00 +20.0 +00 +0.00 +on
+0-65 +D0 +t,.75 .+0n +12>9.t)A +00 +1.5n +O0 +290.01 +11n +0.0 +00

+1.0 +o0n-. +un +o.12 +00 +(1.43 +on +13.070 +00 +0.43 +on
11 2 ie 2 2

+111bO.0 +On +0i.1p +onl +1.0 +u4 +o,12> +00

+1116.>.0 +On +91- 41 +00n +1.0 +04 +0.43 +00
+ 3A. o +o0 + o.0U6', +on +460.p) +On +(1.065 +On +SA0.0 +00 +0.0655 +0"

+b6U.u +ufl +U.U6t) +o0 +160.0 +On +01.067P +on +860O,0 +on +0.0684 +on

+460.0 +on +Ii.U69 +t00 +1060.0 +00 +O.070 +00 +1160.0 +00 +0.070 +On

+360,o0 +o0 +t!.43 +ion +11 00,0 +On +0.43 +00
+0.0 +o0 +9.0 -04 +bno.IJ +on +9.0 -04

NO THAjVCToPY - 0=99; RTII/r~r-5QFT

a
+11.0 +1.10 +95.n +00 +0.0 +On +2.925 +04

+boo.o +Ijn +qN.in +00 +11,0 +00 +2.9p5 +04

1 3 +ij,1I +on

+2.5. 99
9 2
BACKuP MATýPIAL 0.1 INCHEq THTCW

+360o.1 +001 +11 .116&) +iin +1460.0( +00 +0.065 +00 +5(,0. (1 +o0 +nl.065!; +On

+Whu. o +00f +(,.066 +00 +76v.() +On +0.0672 +On +860.0 +00 +0.0684I +on

+94A0. o + ( +,. 0694 +1)0 +1060.0 +00 +0,07 +00 +1160.0 +00 +0,07 +00

+F110+or0 +(J.43 +oO +1100.n +00 +0.43 +00

+ 3w. 0 +0n +11.1 4110 +11.c +O0 +01.9 +00

+11.0 +0"1 - .0 +(In +0). +00 +0.0 +00

HFAT TRANcFFk, TO rAPINJ F,\jVIPOKlMl-N, - HEN'V=O.O

+b6090 +00 +01.0 +on0 +t1..0 +on0 +o1.1 +00

11\ITTiIAL r+rMPt- QATIIPE IS, C0NicTL~-T

+0.0 +1on +lw',0. u +on +,3, O. 1) +o0

"12
+u.0 10 +,. +on0 +342.9 +on +1400.0 +o0 +449.7 +00 +101)0.n +on

+t,1 1.2 +o19 +ý?LL On. r +10 +7()1. o +00 +31101.1) +On +978.0 +0n +3600.0 +00

+i1113.0 +11n +4000.0 +on0 +1200.0 +On +45124.n +00n +1~nn.n +00 +4486.n +00

+14011. (I +on +"1F)nf +on0 + lcn. n +00 +4c936.0n +00 +1600n.0n +00 +5127.0 +00
+17010.n +00n +t~p9.n +11n +1000.0 +on +5454.0 +00 +1000.0 +00 +55i96.0 +00

+2n00.11 +11) +',72A.n +o10 +;,100.n +On +SP51.0 +00 +2P00.0 +on +5060.0 +00

+2100.A +o0 +1907A.9 +LIM +2400.0 +90 +6186.n +00 +2r,00.n +00 +6P91.n +00

ý2600.17 +09n +t,395.n +o10 +2700.11 +011 +b1197.0 +0on +20091.0 +00 +6r597.0 +00

+;-ol . n._+Lin +r)69). n +O0 +3000.0 +00 +bP (,:.fn +00 +3100.0 +00 +691A.0n +00

96



TABLE I - SAMPLE PROB3LEM INPUT - Concluded

(b) Fortran data card listing

+2plU. I) +ufl+7o';U. u +fln+3jlo. o +on+7175.0 +0fl+34fl.0 +0fl+739i0.o +onf
,,nol.,) +(Ifl+7uP(j~o +tjfl+3bnfo.U +Ufl+7630.O +On0IK'7fl0.o +00+7ann.n +on

+ImnflhJ. 1 +Ufl+ 7'J1 7. ) +1111+1~4'1jt)1i ,0l+FA1?0.0 +on+140n0.0 +0on4p3no.o +no
+4~10o.0 +u0n+A,,fn. o +00n+1200. 0 .flfl+R700.f +00+14300.0 +00+SR'0.0 +00
+u400O. 1) +Ifl+cit, U. (I +inuO+h0f tfl'. 0+40. +on+q270.on +on
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TABLE II.- SAMPLE PROBLEM OUTPUT

TYPICAL CHARRING ARIATnR - TEST CASE - 4/6/65 DONALD M. CURRY

INPUT DATA.

TIME LIMIT=6.0O1E 02 INITIAL TIME=O. NPTT= 2

TIME TIMF STEP PRINT CONTROL
0. 1.000O -01 0O0
6.00j00E 02 1.O00OOE-01 100

FCnNV= 1.o0o0nooE 00 FRAI)= 1.0000E '0

TYPICAL CHARRING ABLATION MATERIAL PROPERTIES

TABL= I.0600ŽE 03 TCHAR= 1.46000E 03 TREC= 0. RHOV= 3.40000E 01 RHOC= 2.00000E 01
FBLOW= 0. EMV= 6.50000E-01 EMC= 7.50000E-01 H300= 1.29060E 02 VL= 1.50000E 00

HV= 2.5UOOOE 02 VPT= 0. FV= 1.O0000e 00 iv= 0. CHARK= 1.20000E-O1
CHARC= 4.30000E-01 ABLK= 7.00000E-02 ABLC= 4.300O0OE-01

NP= 31 NKC= 2 NCPC= 2 NKV= 9 NCPV= 2 NREC= 2

VIRGIN MATERIAL
THERMAL SPECIFIC

TEMPERATURE CONDOUCTIVITY TEMPERATURE HEAT
3.60000E 02 b.5C0O3E-02 3.60000E 02 -. 30000E-O1
4.60000E 02 6.50000E-02 1.1O000E 03 4.30000E-01
5.60000E 0Ž b.55000E-UZ
6.60000E 02 6.60009E-02
7.60000C 02 6.7200(,E-02
8.60000E 02 6.84000E-02
9.60000E 02 6.90003E-C2
1.06000b 03 7.UUOOOE-02
1.16300E 03 7.00UOuE-02

CHAR MATERIAL
THERMAL SPECIFIC

TEMPERATURE CO:NOUCTIVITY TEMPERATURE HEAT
1.46000E 0i I.20000E-01 1.46000E 03 -. JUUU0t-,'L
1.000001 04 1.20000E-01 1.0000 E 04 4.30000E-01

SURFACE RFCESSION TABLE

TIME SR - IN/SEC
0. 9.00000-E04
6.00001E 02 q.0C000E-04

NO TRAJECTORY - 0=95 BTU/SEC-SOFT

NO. OF TRAJECTORY POINTS = 2
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TABLE II.- SAMPLE PROBLEM OUTPUT - Continued

TIME 0 CONVECTIVE 0 RADIATIVE VELOCITY
0. l.oUuUU Ul U. 2.ZSOUt U4
6.OOOOOE 02 9.5(000E 01 0. 2.92500E 04

PROPERTIES OF BACKUP STRUCTURE

NO. (IF MATERIALS IN BACK-UP SHIELD= 1
TOTAL NUMRER OF NODES IN BACK-UP SHIELD= 3
THICKNESS OF 6ACK-UP SHIELD= 1.OOO0E-O1

BACKUP MATERIAL 0.1 INCHES THICK

T4 C M A I SPECIFIC

TEMPERATURE CI•NUUA I TEMPERATURE -iEAT
3.6000UE 02 6.50003E-02 3.60000E 02 4.30000E-01
4.60000F 0? 6.5C00OE-02 .10O000E 03 4.30000E-01
5.60000E 02 6.55O0,)E-02
6.60001E 02 6.6COUOE-U2
7.60000E 02 6.77O;OE-02
8.6O00E 02 6.840301-02
9.60000E 02 6.900OjE-02
1.O6000L 03 7.1=)0:)E-02
1.160O00 03 7.COOOOE-02

EMISSIVITY
MATERIAL DENSITY THICKNESS FRONT BACK NODES/MATERIAL

1 3.4000E 01 1.0O00E-01 9.0000E-01 9.0000E-O1 3.0QUOE 00

ADDITIONAL DATA FUR INDIVIDUAL MAIERIALS IN BACKUP STRUCTURE

MATERIAL FILM COEFFICIENT GAP THICKNESS FTEST BTEST
I n. 0. 0. 0.

HEAT TRANSFER Ti CABIN ENVIRONMENT - HENV=O.O

TLMVtRATURC= 5.600U0E 02 FILM COEFFICIENI= C. VIEW FACTOR= 0. Q LOST= 0.

INITIAL TEMPERATURE IS CONSTANT

TEMPFRATIIRF nISTRIGUTInN IN HEAT SHIFrD IS UNIFORM AND EQUAL TO 5.3000E 02
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TABLE II.- SAMPLE PROBLEM 0UTPUT - Concluded

OUTPUT UATA.

TIME= 9.90000E 00 QCONVECTIVE= 9.50000E 01 QRADIATIVE= 0. VELOCITY= 2.92500E 04
GAS A8LATION RATE= 0. CHAR ABLATION RATE= 5.40000E 00 TOTAL ABLATION RATE= 5.400DOE 00
RECESSION DEPTH= 9.OOOOOE-03 GHOT WALL= 8.99282E ai

TEMPERATURE DISTRIBUTIUN IN HEAT SHIELD AT THE END OF THE TIME STEP, T= 1.OOOOE 01 SECONDS

TEMPERATURE DISTRIBUTION IN THE ABLATING MATERIAL

3.79022E 03 2.33046E 03 1.06300E 03 6.38075E 02 5.47600E 02 5.32434E 02
5.30289E 02 5.30030E 02 5.30002E 02 5.30000E 02 5.30000E 02 5.30000E 02
5.30000E 02 5.30000E 02 5.29999E 02 5.30000E 02 5.30000E 02 5.33000E 02
b.30000E 02 5.30000E 02 5.30000E 02 5.30000E 02 5.30000E 02 5.30000E 02
5.30000E 02 5.30000E 02 5.30000E 02 5.29999E 02 5.30000E 02 5.30000E 02
5.29999E 02

TEMPERATURE UISTRIBUTIUN IN THE BACK-UP STRUCTURE

5.29999E 02 5.30000E 02 5.30000E 02

TIME= i.99000E 01 OCONVECTIVE= 9.50000E 01 ORADIATIVE= 0. VELOCITY= 2.925005 04
GAS ABLATION RATE= 2.9072OE 01 CHAR ABLATION RATE= 5.4OOOOE 00 TOTAL ABLATION RATE= 3.44720E 01
RECESSION DEPTH= 1.BOODOE-02 QHOT WALL= 8.99173E 01

TEMPERATURE DISTRIBUTION IN HEAT SHIELD AT THE END OF THE TIME STEP, T= 2.OOOOOE 01 SECONDS

TEMPERATURE DISTRIBUTION IN THE ABLATING MATERIAL

3.80935E 03 2.B767BE 03 1.64575E 03 9.77202E 02 6.72698E 02 5.66204E 02
5.37857E 02 5.31496E 02 5.30254E 02 5.30038E 02 5.30005E 02 5.30000E 02
5.29999E 02 5.29999E 02 5.29999E 02 5.29999E 02 5.2999gqE 02 5.299995 02
5.29999E 02 5.29999E 02 5.29999E 02 5.29999E 02 5.29999E 02 5.29999E 02
5.29999E 02 5.29999E 02 5.29999E 02 5.29999E 02 5.29999E 02 5.29999E 02
5.29999E 02

TEMPERATURE DISTRIBUTION IN THE BACK-UP STRUCTURE

5.29999E 02 5.29999E 02 5.29999E 02

TIME= 2.99000E 01 QCONVECTIVE= 9.50000E 01 QRADIATIVE= 0. VELOCITY= 2.9250OE 04
GAS ABLATION RATE= 1.25330E 01 CHAR ABLATION RATE= 5.40000E 00 TOTAL ABLATION RATE= 1.79330E 01
RECESSION DEPTH= 2.70000E-02 OHOT WALL= 8.98427E 01
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Figure 2. - Schematic diagram of charring ablator thermal protection system.
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Figure 8. - Plot program surface recession curve from typical charring
ablator test case.
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